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ABSTRACT 

Langmuir probes can  be extremely u s e f u l  t o o l s  f o r  r e -en t ry  phys ics  

s t u d i e s .  However, classical  probe theory ,  as developed by Langmuir, is 

p r e d i c a t e d  upon a number of  cond i t ions  t h a t  w i l l  not hold t r u e  o v e r  an 

e n t i r e  t r a j e c t o r y .  . I t  i s  necessary  t o  de te rmine  t h e  e r r o r s  involved  i n  

t h e  i n f e r r e d  plasma parameters and t o  deve lop  a theo ry  t h a t  w i l l  e n a b l e  

275u one t o  i n t e r p r e t  t h e  d a t a  over t h e  complete t r a j e c t o r y .  

I n  t h i s  r e p o r t  c l a s s i c a l  probe theo ry  is  reviewed, and t h e  condi- 

t i o n s  under which i t  is  a p p l i c a b l e  a re  po in t ed  o u t .  Some l a t e r  develop- 

ments i n  probe theo ry  t h a t  account f o r  flow v e l o c i t y  i n  t h e  f ree-molecular  

case are a l s o  d i s c u s s e d .  The use of f l u s h  probes on r e -en t ry  v e n i c i e s  i s  

cons idered ,  bo th  t h e o r e t i c a l l y  and exper imenta l ly .  

The theo ry  of  i o n  c o l l e c t i o n  us ing  long  c y l i n d e r s  i n  a supe r son ic  

flow, where t h e  probe r a d i u s  i s  of t h e  o r d e r  of  t h e  mean f r e e  pa th ,  has  

been confirmed o v e r  a range o f  e l e c t r o n  d e n s i t i e s  by a series of measure- 

ments i n  an a rc -d r iven  shock tube .  Probe d a t a  were checked w i t h  e q u i l i -  

brium c a l c u l a t i o n s  and w i t h  a 33-Gc microwave i n t e r f e r o m e t e r .  Agreement 

w a s  bet ter  t h a n  a f a c t o r  of  two among t h e  t h r e e  means of de te rmining  

e l e c t r o n  d e n s i t y .  

Evidence i s  g iven  f o r  a s c a l i n g  r e l a t i o n  f o r  c y l i n d r i c a l  probes i n  

continuum flow. The product n r (where n i s  i o n  d e n s i t y  and r i s  
+ P  + P 

probe r a d i u s )  is  a cons t an t  w i t h  i n i t i a l  p r e s s u r e  and probe r a d i u s ,  and 

depends on ly  on  shock v e l o c i t y .  

P re l imina ry  r e s u l t s  f o r  a narrow wedge probe a t  zero-degrees ang le  

o f  a t t a c k  i n d i c a t e  t h a t  t h i s  geometry may be p r a c t i c a l  f o r  t h e  des ign  of 

a probe f o r  use on  r e -en t ry  veh ic l e s .  

P re l imina ry  measurements have a l s o  been made w i t h  f l u s h  probes 

mounted i n  t h e  w a l l s  o f  t h e  shock tube.  The measured r e s u l t s  are i n t e r -  

p r e t e d  u s i n g  a s imple  boundary-layer t h e o r y  f o r  t h e  e l e c t r o n  concent ra -  

t i o n  nea r  t h e  w a l l .  Good q u a l i t a t i v e  and f a i r  q u a n t i t a t i v e  agreement 

have been o b t a i n e d .  
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I INTRODUCTION 

The de te rmina t ion  of t h e  e l e c t r o n  d e n s i t y  su r round ing  a r e -en t ry  

v e h i c l e  from gas-dynamic c a l c u l a t i o n s  i s  hampered by u n c e r t a i n t i e s  i n  

t h e  ra te  c o n s t a n t s  of t h e  i o n i z a t i o n  p rocesses  as w e l l  as by t h e  e f f e c t s  

of a b l a t i o n  products .  However, c a l c u l a t i o n s  have been made, and it would 

be d e s i r a b l e  t o  be 'able  t o  check them w i t h  f l i g h t - t e s t  d a t a .  

One common method of  determining e l e c t r o n  d e n s i t y  i s  t o  measure t h e  

a b s o r p t i o n  and phase s h i f t  of microwaves t h a t  propagate  through t h e  

plasma s h e a t h .  However, t h e s e  measurements g ive  on ly  l i m i t e d  informa- 

t i o n ;  one o b t a i n s  o n l y  an i n t e g r a t e d  v a l u e  of abso rp t ion  and phase s h i f t .  

I n  o r d e r  t o  i n t e r p r e t  t h e  r e s u l t s  i n  t e r m s  o f  e l e c t r o n  d e n s i t y  and 

c o l l i s i o n  frequency, i t  i s  necessary t o  estimate t h e  s p a t i a l  d i s t r i b u -  

t i o n s  o f  t h e s e  parameters,  a l though t h e  s p a t i a l  d i s t r i b u t i o n  i s  i t s e l f  

one o f  t h e  parameters of i n t e r e s t .  I n  a d d i t i o n ,  t h e  dynamic range of 

parameters  t h a t  can  be measured by such methods i n  a real is t ic  f l i g h t  

test  i s  u s u a l l y  q u i t e  s m a l l .  For a g iven  microwave frequency, i t  i s  

u s u a l l y  p o s s i b l e  t o  determine t h e  e l e c t r o n  d e n s i t y  on ly  when t h e  plasma 

frequency i s  of  t h e  o r d e r  of t h e  microwave frequency. 

The l i m i t a t i o n s  i n  t h e  use o f  microwaves apply equa l ly  w e l l  t o  t h e  

t echn ique  i n  which t h e  r e f l e c t e d  s i g n a l  i s  monitored. This  s i g n a l  i s  

a p p r e c i a b l e  on ly  when t h e  plasma frequency i s  g r e a t e r  t h a n  t h e  microwave 

f requency .  When t h e  plasma frequency i s  g r e a t e r  t h a n  t h e  microwave f r e -  

quency t h e  r e f l e c t e d  s i g n a l  approaches a c o n s t a n t  va lue ,  and no f u r t h e r  

i n f o r m a t i o n  about t h e  plasma is  obta ined .  Therefore ,  t h e  r e f l e c t e d  

s i g n a l  t echn ique  is  u s e f u l  mainly i n  de t e rmin ing  when t h e  plasma f r e -  

quency i s  t h e  same as t h e  microwave frequency and i s  noted by t h e  r a p i d  

rise i n  r e f l e c t e d  s i g n a l .  

As i n t e r e s t  i n  hypersonic  flows o f  t h e  o r d e r  of  Mach 30 i n c r e a s e s ,  

t h e  u s e f u l n e s s  of microwaves becomes even smaller. This  is  t r u e  because 

t h e  e l e c t r o n  d e n s i t i e s  produced at t h e s e  v e l o c i t i e s  are so h igh  t h a t  i t  

would be i m p r a c t i c a b l e  t o  f l y  t ransmi t te rs  of s u f f i c i e n t l y  h igh  frequency 

1 



t o  prevent t h e  plasma frequency from be ing  h igher  t h a n  t h e  microwave 

frequency, once i o n i z a t i o n  s t a r t s .  

An a l t e r n a t i v e  technique  f o r  measuring e l e c t r o n  d e n s i t y  d u r i n g  

f l i g h t  t es t s  i s  t o  use e lectrostat ic  probes.  W e  s h a l l  adopt t h e  con- 

v e n t i o n  of c a l l i n g  e lec t ros ta t ic  probes t h a t  o p e r a t e  under t h e  c l a s s i c a l  

Langmuir c o n d i t i o n s  "Langmuir" probes.  

t h e s e  condi t ions  w i l l  be c a l l e d  simply t te lectrostat ic t t  probes.  

p o s s i b l e  t o  des ign  t h e s e  probes so  t h a t  measurements can be made w i t h  a 

s p a t i a l  r e s o l u t i o n  of  less t h a n  1 mm. Thus, use of  a probe t h a t  could  

move r a d i a l l y  outward from t h e  re -en t ry  v e h i c l e  would make it  p o s s i b l e  

t o  determine t h e  s p a t i a l  d i s t r i b u t i o n  of  e l e c t r o n s .  A l t e r n a t i v e l y ,  one 

could use several probes mounted a t  d i f f e r e n t  r a d i a l  d i s t a n c e s  from t h e  

v e h i c l e  s u r f a c e .  

A l l  probes t h a t  do no t  s a t i s f y  

I t  i s  

Langmuir probes are i n h e r e n t l y  capable  of  measuring a wide range of 

e l e c t r o n  d e n s i t i e s .  They appear t o  be  worthy o f  c o n s i d e r a t i o n  f o r  f l i g h t  

tests.  Probe theory ,  however, is  p r e d i c a t e d  upon a number o f  c o n d i t i o n s  

t h a t  w i l l  not  hold t r u e  o v e r  an e n t i r e  t r a j e c t o r y .  I t  i s  necessary  t o  

determine t h e  e r r o r s  involved i n  t h e  i n f e r r e d  plasma parameters  and t o  

develop a t h e o r y  t h a t  w i l l  e n a b l e  one t o  i n t e r p r e t  t h e  d a t a  o v e r  t h e  

complete t r a j e c t o r y .  

The theory  of  Langmuir probes is  w e l l  e s t a b l i s h e d  f o r  t h e  f r e e -  

molecular case, i . e . ,  when t h e  mean f r e e  p a t h  i s  much g r e a t e r  t h a n  t h e  

probe rad ius  and t h e  s h e a t h  t h i c k n e s s  .' 
Langmuir theory  does not  c o n s i d e r  t h e  case of  a f lowing  plasma moving 

w i t h  supersonic  v e l o c i t y .  For probes t o  be  u s e f u l  as d i a g n o s t i c  t o o l s  

aboard re -en t ry  v e h i c l e s  i t  i s  necessary  t o  have a t h e o r y  t h a t  w i l l  i n -  

c lude  flow e f f e c t s .  The u s e f u l n e s s  o f  s u c h  probes w i l l  be  f u r t h e r  en- 

hanced i f  measured probe c u r r e n t  under s h o r t  mean f r e e  p a t h  c o n d i t i o n s  

c a n  be  i n t e r p r e t e d  t o  y i e l d  v a l u e s  f o r  t h e  e l e c t r o n  d e n s i t y .  

Furthermore,  t h e  c lass ica l  

On a previous contract ("1-2967) w e  used r a p i d l y  sweeping v o l t a g e  

C i r c u i t r y  t o  o b t a i n  complete c u r r e n t  v o l t a g e  c h a r a c t e r i s t i c s  f o r  equal-  

a r e a  probes i n '  an e l e c t r o m a g n e t i c  shock t u b e .  These probes i n d i c a t e d  

e l e c t r o n  d e n s i t i e s  t h a t  checked microwave measurements even when t h e  

2 



probe r a d i u s  was of  t h e  o r d e r  o f  t h e  e s t ima ted  mean f r e e  pa th .  

t h e  a c t u a l  v a l u e  of t h e  mean f r e e  pa th  was q u i t e  u n c e r t a i n .  

However, 

Under t h i s  c o n t r a c t  w e  a r e  s tudy ing  both t h e  e f f e c t s  of  flow 

v e l o c i t y  and s h o r t  mean f r e e  pa th .  We have used an  a rc -d r iven  shock 

t u b e  t o  produce equ i l ib r ium,  supe r son ic  samples of p a r t i a l l y  i o n i z e d  

a i r .  The p r o p e r t i e s  of  t h e  gas ,  i n c l u d i n g  mean f r e e  pa th ,  a r e  t h u s  w e l l  

known. By i n s e r t i n g  a series o f  c y l i n d r i c a l  probes of  va ry ing  diameter 

i n t o  t h i s  flow w e  have o b t a i n e d  s e v e r a l  i n t e r e s t i n g  r e s u l t s .  Theor ies  

of  probe o p e r a t i o n  have been r e c e n t l y  developed f o r  t h e  c a s e  o f  f r e e -  

molecular  supe r son ic  flow, and o u r  d a t a  show t h a t  t h e s e  t h e o r i e s  can  be 

used to  measure- e l e c t r o n  d e n s i t y  f o r  probe d iameters  up t o  s e v e r a l  mean 

f r e e  p a t h s .  A q u a n t i t y  of  d a t a  w a s  a l s o  ga thered  f o r  t h e  c a s e  t h a t  is 

more d i f f i c u l t  t o  handle theo re t i ca l ly - - supe r son ic  flow w i t h  t h e  mean 

f r e e  p a t h  much smaller t h a n  t h e  probe d iameter .  I t  is t o  be expec ted  

t h a t  under t h e s e  c o n d i t i o n s  t h e  probe w i l l  have a shock sur rounding  i t ,  

and t h u s  i n t e r p r e t a t i o n  of t h e  probe c u r r e n t  i n  t e r m s  of t h e  i n c i d e n t  

plasma p r o p e r t i e s  would have t o  t a k e  i n t o  account t h e  change i n  p r o p e r t i e s  

due t o  t h e  shock. The problem is f u r t h e r  complicated by t h e  f a c t  t h a t  

t h e  flow t i m e s  around t h e  probe are so s h o r t  t h a t  f o r  a l a r g e  range of  

c o n d i t i o n s  t h e  flow around t h e  probe w i l l  no t  be i n  equ i l ib r ium.  I t  

would t h u s  be necessary  t o  in t roduce  t h e  a p p r o p r i a t e  r a t e  c o n s t a n t s  and 

s o l v e  t h e  flow problem w i t h  f i n i t e  t i m e  chemis t ry .  This  i s  a very  d i f f i -  

c u l t  problem t h e o r e t i c a l l y ,  and i t  is clear t h a t  s o l u t i o n s  would not be 

any m o r e  a c c u r a t e  t h a n  t h e  r a t h e r  poorly known rate c o n s t a n t s .  

Our approach has been f i r s t  t o  g a t h e r  d a t a  o n  probe o p e r a t i o n  under 

t h e s e  c o n d i t i o n s  and t h e n  t o  see whether t h e r e  a r e  any a p p l i c a b l e  s c a l i n g  

r e l a t i o n s  which enab le  one t o  g e n e r a l i z e  t h e  r e s u l t s .  Such s c a l i n g  re- 

l a t i o n s  could  also be used by t h e  t h e o r e t i c i a n  a s  a guide i n  i d e n t i f y i n g  

t h e  dominant processes  and hence s i m p l i f y i n g  h i s  a n a l y s i s .  Through 

a n a l y s i s  of  t h e  d a t a  w e  have gathered t o  d a t e ,  i t  appears t h a t  a s c a l i n g  

r e l a t i o n  does e x i s t  when t h e  probes are i n  t h e  continuum flow regime. 

W e  c a u t i o u s l y  use  t h e  word "appears" because t h e  d a t a  a r e  too  s c a n t y  f o r  

us t o  be s u r e  t h a t  t h e  s c a l i n g  extends ove r  t h e  f u l l  continuum flow 

regime. 
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I1 ELECTROSTATIC PROBE THEORY 

I n  t h i s  s e c t i o n  w e  summarize some of t h e  r e s u l t s  o f  c l a s s i c a l  

Langmuir t h e o r y  and po in t  ou t  i ts  l i m i t a t i o n s .  Next, w e  d i s c u s s  r e c e n t  

work on t h e  o p e r a t i o n  o f  e l e c t r o s t a t i c  probes i n  supe r son ic  and hyper- 

s o n i c  flowing plasmas under free-molecular c o n d i t i o n s .  Two geometries 

are cons idered:  r i g h t  c i rcu lar  c y l i n d e r s  and smal l -angle  wedges. A 

q u a l i t a t i v e  d i s c u s s i o n  o f  probes o p e r a t i n g  i n  t h e  continuum flow regime 

is  given. F i n a l l y ,  t h e  o p e r a t i o n  of f l u s h  probes is  cons idered .  The 

work o n  f l u s h  probes w a s  suppor ted  by t h e  Advanced Research P r o j e c t s  

Agency u n d e r ' c o n t r a c t  SD-103, and i s  i nc luded  he re  because i t  i s  of  

i n t e r e s t  i n  connec t ion  w i t h  poss ib l e  probe c o n f i g u r a t i o n s  f o r  r e -en t ry  

v e h i c l e s .  

A. OPERATION OF PROBES--CLASSICAL THEORY 

An e l e c t r o d e  o r  probe i n s e r t e d  i n t o  a plasma w i l l  c o l l e c t  charges  

u n t i l  it has  s u f f i c i e n t l y  h igh  p o t e n t i a l  w i t h  r e s p e c t  t o  t h e  plasma t o  

n e u t r a l i z e  t h e  ne t  charge  a r r i v i n g  a t  t h e  e l e c t r o d e ,  i .e.,  t h e  e l e c t r o d e  

p o t e n t i a l  i s  such as t o  e q u a l i z e  the e l e c t r o n  and i o n  f l u x .  I f  t h e  elec- 

t r o d e  p o t e n t i a l  i s  made i n c r e a s i n g l y  nega t ive  w i t h  r e spec t  t o  a second 

e l e c t r o d e ,  fewer and fewer e l e c t r o n s  w i l l  r each  t h e  probe u n t i l  on ly  

p o s i t i v e  i o n s  are c o l l e c t e d .  Conversely, i f  t h e  probe p o t e n t i a l  is made 

i n c r e a s i n g l y  p o s i t i v e  w i t h  respect t o  t h e  second e l e c t r o d e  (and t h e  area 

o f  t h e  second e l e c t r o d e  i s  g r e a t e r  t han  t h a t  of t h e  f i r s t  by t h e  squa re  

r o o t  of  t h e  mass r a t i o  of  i o n s  t o  e l e c t r o n s ) ,  t h e  probe w i l l  c o l l e c t  

on ly  e l e c t r o n s .  

When electrostatic probes are used t o  collect  e l e c t r o n s ,  t h e  

s a t u r a t e d  e l e c t r o n  c u r r e n t  d e n s i t y ,  J-, i s  r e l a t e d  t o  t h e  e l e c t r o n  

d e n s i t y ,  n - , by t h e  expres s ion  
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where 
18kT 

v is  t h e  e l e c t r o n  random v e l o c i t y  = - 
e is  t h e  e l e c t r o n  charge 

k i s  Boltzmann's cons t an t  

T i s  t h e  e l e c t r o n  tempera ture  - 
m i s  t h e  e l e c t r o n  mass. - 

When ions are c o l l e c t e d ,  t h e  r e l a t i o n s h i p  between i o n  c u r r e n t  d e n s i t y  

and i o n  d e n s i t y  ( o r  e l e c t r o n  d e n s i t y ,  assuming t h a t  n = n ) has been 

shown by Bohm et  a1.2 t o  be approximately 
- +  

J = 0.4n ev + + +  ' 

where 1 

v i s  t h e  v e l o c i t y  wi th  which i o n s  r each  t h e  s h e a t h  = + 
m i s  t h e  i o n  mass. + 

From t h e  expres s ion  f o r  s a t u r a t e d  i o n  c u r r e n t  d e n s i t y ,  i t  can  be seen  

t h a t  i f  t h e  i o n  mass and e l e c t r o n  tempera ture  a r e  known o r  can be e s t i -  

mated, a measurement of  t h e  i o n  c u r r e n t  d e n s i t y  i s  s u f f i c i e n t  t o  d e t e r -  

mine t h e  e l e c t r o n  d e n s i t y .  E s t i m a t e s  can o f t e n  be made of i o n  s p e c i e s ,  

and hence i o n  mass; i n  a d d i t i o n ,  t h e  e l e c t r o n  tempera ture  a l s o  may be 

es t imated  from gas-dynamic c o n s i d e r a t i o n s .  I n  e i t h e r  case, e r r o r s  i n  

t h e s e  q u a n t i t i e s  w i l l  not be very  s e r i o u s ,  s i n c e  they  both  e n t e r  i n t o  

t h e  express ion  f o r  c u r r e n t  d e n s i t y  as t h e  s q u a r e  r o o t .  For example, i f  

t h e  temperature a t  a c e r t a i n  r e g i o n  on  a r e -en t ry  v e h i c l e  is  es t ima ted  

a t  3000'K when i t  i s  r e a l l y  on ly  2500'K, t h e  e r r o r  i n  i o n  d e n s i t y  is 

on ly  about 10 p e r c e n t ,  

Between t h e s e  two s a t u r a t e d  r e g i o n s  i s  a r e g i o n  t h a t  may be used 

t o  determine t h e  e l e c t r o n  tempera ture .  

For p o t e n t i a l s  below Plasma p o t e n t i a l ,  t h e  e l e c t r o n s  see a poten- 

t i a l  b a r r i e r  t h a t  on ly  t h e  higher-energy e l e c t r o n s  can overcome t o  be 

6 



c o l l e c t e d  a t  t h e  e l e c t r o d e .  I f ,  at  t h e  s h e a t h  edge, t h e  random e l e c t r o n  

c u r r e n t  d e n s i t y  i s  J-, t h e n  a t  a point i n  t h e  s h e a t h  where t h e  p o t e n t i a l  

i s  V v o l t s  below t h e  plasma p o t e n t i a l ,  t h e  e l e c t r o n  c u r r e n t  d e n s i t y  i s  

J exp(- eV/kT - 1. - 
The ne t  c u r r e n t  d e n s i t y  i s  t h e  a l g e b r a i c  sum of t h e  i o n  and e l e c t r o n  

c u r r e n t  d e n s i t i e s ,  so t h a t  t h e  n e t  cu r ren t  d e n s i t y  is  

J+ = J exp(- eV/kT ) - Jne t  - - 

Br ing ing  t h e  i o n  c u r r e n t  d e n s i t y  t o  t h e  l e f t  s i d e  of t h e  equa t ion  and 

t a k i n g  logar i thms of both  s i d e s ,  w e  o b t a i n  

ln ( J+  + JzPt) = 1nJ - - eV/kT - (3 

Thus T may be found from a semi logar i thmic  p l o t  of J as a - + + Jnet 
f u n c t i o n  of V. 

a Maxwellian energy d i s t r i b u t i o n .  

This  p l o t  w i l l  be a s t r a i g h t  l i n e  w i t h  s l o p e  e/kT - for 

Since  w e  have found t h a t  measurements on t h e  ion - sa tu ra t ion -cu r ren t  

s i d e  are more a c c u r a t e  t h a n  measurements on t h e  e l e c t r o n - s a t u r a t i o n -  

c u r r e n t  s i d e ,  w e  s h a l l  restrict t h e  fo l lowing  d i s c u s s i o n  t o  t h e  i o n  s ide .  

I n  making probe measurements, one measures c u r r e n t  r a t h e r  t h a n  

c u r r e n t  d e n s i t y .  Therefore ,  i t  i s  necessary  t o  know t h e  r e l a t i o n  between 

t h e s e  two q u a n t i t i e s .  From a c o n s i d e r a t i o n  of t h e  format ion  of plasma 

s h e a t h s ,  t h e  s h e a t h  t h i c k n e s s ,  can  be approximated by 
dS , 

where 

3 - 
ds = hDq4 

XD = Debye l e n g t h  = 
n e  

(4 

7 



and eo is t h e  p e r m i t t i v i t y  of f r e e  space .  

f o r  t h e  s h e a t h  t h i c k n e s s  f o r  space-charge- l imi ted  flow i n  a p l ana r  

geometry. This  equa t ion  i s  ob ta ined  by equa t ing  t h e  c u r r e n t  d e n s i t y  

g iven  by t h e  P lana r  space  charge  equa t ion  t o  t h e  random c u r r e n t  d e n s i t y  

of Eq. (1) .  The approximation o f  a p l ana r  s o l u t i o n  f o r  s h e a t h  t h i c k n e s s  

i s  app l i cab le  t o  nonplanar probes on ly  when t h e  s h e a t h  t h i c k n e s s  i s  

smal l  compared t o  t h e  probe r a d i u s .  When t h e  s h e a t h  t h i c k n e s s  i s  l a r g e ,  

i t  can  be shown’ t h a t  t h e  c u r r e n t  c o l l e c t e d  by a probe may be made inde- 

pendent of t h e  s h e a t h  dimensions, so t h a t  t h e  approximation o f  Eq. ( 4 )  

i s  no longer r e q u i r e d .  

Equation (4)  i s  t h e  expres s ion  

The o v e r a l l  s h e a t h  r a d i u s ,  a, i s  g iven  by 

a = r  + ds ? ( 5  1 P 

where r i s  t h e  probe r a d i u s .  I f  t h e  probe r a d i u s  i s  l a r g e r  t h a n  t h e  

s h e a t h  th i ckness ,  t h e n  a l l  t h e  p a r t i c l e s  t h a t  pass  through t h e  s h e a t h  

edge w i l l  be c o l l e c t e d  by t h e  probe and t h e  probe a r e a  w i l l  be approxi- 

mately e q u a l  t o  t h e  s h e a t h  area. Under t h e s e  c o n d i t i o n s ,  t h e  probe 

c u r r e n t  f o r  a c y l i n d r i c a l  probe is  

P 

I = 2nr  L J  + P +  

and f o r  a s p h e r i c a l  probe, 

2 
I+ = 4nr  J 

P +  , (7) 

where 

I is  t h e  probe c u r r e n t  + 
L is  t h e  probe l eng th .  

A f u r t h e r  consequence of  r e q u i r i n g  t h e  probe s h e a t h  t o  be o f  t h e  

same o rde r  as t h e  probe r a d i u s  i s  t h a t  t h e  probe c u r r e n t  w i l l  be rela- 

t i v e l y  i n s e n s i t i v e  t o  t h e  probe p o t e n t i a l ,  as long  as t h e  p o t e n t i a l  1s 

s u f f i c i e n t l y  nega t ive  t o  draw s a t u r a t i o n  c u r r e n t .  Th i s  i s  so because 
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t h e  i n c r e a s e  i n  probe c u r r e n t  w i t h  p o t e n t i a l  i s  due t o  an i n c r e a s e  i n  

t h e  s h e a t h  th i ckness ,  which inc reases  t h e  area through which c u r r e n t  

passes .  However, s i n c e  t h e  s h e a t h  a rea  is  approximately equa l  t o  t h e  

probe area, t h e r e  w i l l  be no s i g n i f i c a n t  change i n  t h e  c u r r e n t - c o l l e c t i n g  

a r e a .  

I n  o r d e r  t o  e n s u r e  t h i s  cond i t ion ,  i t  is  necessary  t h a t  

r >> d 
P S 

and t h a t  t h e  probe p o t e n t i a l  be such t h a t  

I f  t h e s e  c o n d i t i o n s  are not s a t i s f i e d ,  t h e  c u r r e n t  w i l l  be a func- 

t i o n  o f  v o l t a g e  and w i l l  no longe r  be simply equa l  t o  t h e  product of 

t h e  random c u r r e n t  d e n s i t y  and t h e  phys ica l  a r e a .  I n t e r p r e t a t i o n  of 

probe c u r r e n t  i n  t e r m s  of e l e c t r o n  d e n s i t i e s  under t h e s e  c o n d i t i o n s  be- 

comes more complicated,  bu t  v e r i f i e d  t h e o r i e s  f o r  such i n t e r p r e t a t i o n s  

are The r e s u l t s  are summarized i n  t h e  fo l lowing .  

When 7 >> a/r where a i s  the  s h e a t h  r a d i u s  and r i s  t h e  probe 
P - P’ 

r a d i u s ,  t h e  c u r r e n t  i s  a f u n c t i o n  of  a / r  : 
P 

1 = (a/r  )2nr U + P P +  
( f o r  a c y l i n d r i c a l  probe) 

and 

( f o r  a s p h e r i c a l  probe) . 2 2  
I+ = (a/r  ) 4nr  J 

P P +  

When 7 << a/r and > 2 ,  t h e  c u r r e n t  i s  a f u n c t i o n  of  p o t e n t i a l  bu t  i s  

independent o f  a/r . P 

P 
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0- 2nrpLJ+ 
2 

I+ = 3 ( f o r  a c y l i n d r i c a l  probe) 

and 

( f o r  a s p h e r i c a l  probe) 
2 I = 74nr J + P +  

These a re  asymptotic c a s e s .  H0k4 has c a l c u l a t e d  t h e  dependence of  i o n  

c u r r e n t  on i o n  d e n s i t y  and tempera ture  f o r  a c y l i n d r i c a l  probe f o r  t h e  

whole range o f  q and a/r  . For t h e  s p h e r i c a l  probe, t h e  i n t e r m e d i a t e  

range of 'll and a / r  can  be approximated us ing  t h e  s o l u t i o n  of Al len  

e t  a l . s  

P 

P 

H o k ' s  r e s u l t s  are shown i n  F ig .  1, where H o k  has p l o t t e d  t h e  

c u r r e n t ,  normalized t o  t h e  product of t h e  phys ica l  area and t h e  random 

c u r r e n t  d e n s i t y ,  a s  a f u n c t i o n  of  q f o r  a wide range  of va lues  of t h e  

r a t i o  of t h e  s h e a t h  t o  t h e  probe r a d i u s .  The asymptot ic  s o l u t i o n s  given 

above a re  i l l u s t r a t e d  i n  t h i s  f i g u r e .  When a / r  w 1, t h e  normalized 

c u r r e n t  i s  1 ;  when a / r  C s r [ ,  t h e  curves  f l a t t e n ,  and t h e  normalized 
P 

c u r r e n t  is independent o f  7 and equa l  t o  a/r 

normalized c u r r e n t  i s  equa l  t o  

P 

when a / r  > s r [ ,  t h e  
2 P' P 

J;; P 
A T '  and independent of a/r . 

Although t h i s  p l o t  i s  extremely u s e f u l  f o r  a gene ra l  unders tanding  

o f  t h e  d i f f e r e n t  regimes under which a probe may o p e r a t e ,  w e  must know 

a / r  i n  o r d e r  t o  use i t  f o r  de te rmining  t h e  e l e c t r o n  d e n s i t y  from a 

measurement of c u r r e n t .  The space-charge- l imi ted  d iode  equa t ion  may be 

manipulated so t h a t  va lues  of a/r can be found i n  terms o f  t h e  measured 

c u r r e n t  and o t h e r  measurable parameters--probe l e n g t h ,  d iameter ,  and 

p o t e n t i a l .  The r e s u l t s  are shown i n  F ig .  2 .  The probe-to-plasma poten- 

t i a l ,  V, i s  not t h e  same as t h e  a p p l i e d  p o t e n t i a l ,  bu t  can  be t a k e n  a s  

t h e  appl ied  p o t e n t i a l  p lus  5 kT/e f o r  purposes of  e s t i m a t i n g  a/r . I n  

o r d e r  t o  estimate 7 ,  i t  i s  necessary  t o  have some i d e a  of t h e  tempera ture ,  

but f o r  l a r g e  va lues  of  q ,  t h i s  term, which o n l y  v a r i e s  as t h e  squa re  

r o o t ,  does not c o n t r i b u t e  s i g n i f i c a n t l y .  

P 

P 

P 
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c .- 

SOURCE: HOK 
T I -5034-8  

FIG. 1 NORMALIZED PROBE CURRENT AS A FUNCTION OF 7, WITH a/r, 
AS A PARAMETER 

Figures  1 and 2 combined enable  one  t o  t r ans fo rm t h e  measured 

c u r r e n t  i n t o  e l e c t r o n  d e n s i t y  ( i f  t he  tempera ture  i s  known) wi thou t  t h e  

n e c e s s i t y  o f  c o n s i d e r i n g  which asymptot ic  s o l u t i o n  i s  a p p l i c a b l e .  

B. CONDITIONS FOR APPLICABILITY OF CLASSICAL PROBE THEORY 

There  are a number o f  cond i t ions  t h a t  must apply f o r  c lass ica l  

probe t h e o r y  t o  be a p p l i c a b l e :  

(1) The mean-free pa th  must be much l a r g e r  t h a n  t h e  

probe dimension. Th i s  i s  necessa ry  t o  ensu re  t h a t  

t h e  probe does not  d i s t u r b  t h e  plasma, and may be 
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I 
v = PROBE POTENTIAL 

I I  Ip+= POSITIVE ION CURRENT 

I eV 
7 = E  I /  
L = PROBE LENGTH 

rp  = PROBE RADIUS 

a = SHEATH RADIUS 

I o5 I o6 lo7 I o9 e [I +?]-spheres cT L v3’2 [l+z] -cylinders 

R0-5034-7  

F I G . 2  a/rp AS A FUNCTION OF THE MEASURED PARAMETERS 

w r i t t e n  as 

r < X (1 = mean-free p a t h )  
P 

( 2 )  The s h e a t h  t h i c k n e s s  must be much less t h a n  a mean 

f r e e  pa th .  Th i s  ensu res  t h a t  t h e r e  are  no c o l l i s i o n s  

i n  t h e  shea th ,  an assumption used i n  d e r i v i n g  t h e  

r e l a t i o n s  between c u r r e n t  and probe p o t e n t i a l .  T h i s  

may be  w r i t t e n  as 

( 3 )  There i s  no n e t  f low v e l o c i t y .  T h i s  may be w r i t t e n  as 

v = o  
f 
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( 4 )  There i s  f rozen  flow ac ross  t h e  s h e a t h ;  i . e . ,  t h e r e  

i s  no i o n i z a t i o n  or i o n i z a t i o n  loss--such as re- 

combination--in t h e  s h e a t h .  Th i s  may be expressed  

a s  a c u r r e n t - c o n t i n u i t y  r e l a t i o n  

( 5 )  So f a r  w e  have concent ra ted  on  t h e  c u r r e n t  c o l l e c -  

t i o n  p r o p e r t i e s  at only  one e l e c t r o d e ;  however, 

f o r  c u r r e n t  flow t h e r e  must be  another  e l e c t r o d e  

i n  c o n t a c t  w i t h  t h e  plasma t o  complete t h e  c i r c u i t .  

This  second e l e c t r o d e  must have s u f f i c i e n t  a r e a  for 

c u r r e n t  c o l l e c t i o n  so t h a t  t h e  s h e a t h  around i t  does 

not  iiiiiit clrrrcnt flcw i n  the s y s t e m .  This  cons idera-  

t i o n  of  area i s  e s p e c i a l l y  impor tan t  i n  making t h e  

tempera ture  measurement and i n  e n s u r i n g  t h a t  condi- 

t i o n s  are proper f o r  measuring t h e  random e l e c t r o n  

c u r r e n t  d e n s i t y .  If t h e  a r e a  i s  t o o  sma l l ,  a s a t u r a -  

t i o n  c u r r e n t  w i l l  e x i s t  for bo th  i o n  and e l e c t r o n  

c u r r e n t s  ; however, t h e  e l e c t r o n  s a t u r a t i o n  c u r r e n t  

w i l l  be less  t h a n  t h e  f u l l  random e l e c t r o n  c u r r e n t  

d e n s i t y .  The area r a t i o  is  r e l a t e d  t o  t h e  r a t i o  of 

mob i l i t y  of e l e c t r o n s  and i o n s ;  i n  a i r ,  t h e  ra t io  

must be a t  least  250. 

> 250 
Area Elec t rode  1 
Area E lec t rode  2 

I f  t h e  e l e c t r o d e - a r e a  r a t i o  i s  less t h a n  t h i s  va lue ,  

t h e  f u l l  random e l e c t r o n  c u r r e n t  d e n s i t y  w i l l  no t  be 

measured a t  any p o t e n t i a l .  The e l e c t r o n  tempera ture  

can  be i n f e r r e d  from t h e  c u r r e n t / v o l t a g e  p l o t ,  bu t  

t h e  i n t e r p r e t a t i o n  w i l l  be somewhat d i f f e r e n t  t h a n  

t h a t  o u t l i n e d  above. The t h e o r y  of  probe o p e r a t i o n s  

a t  area r a t i o s  less than  t h a t  i n d i c a t e d  above has 

been worked ou t  by Johnson and Malter.' 
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C. I O N  COLLECTION WITH FLOW VELOCITY--FREE-MOLECULAR CASE 

Several  t h e o r e t i c a l  treatments7- '  o f  t h e  problem of i o n  c o l l e c t i o n  

i n  a flowing plasma have been made f o r  t h e  case where t h e r e  are no 

c o l l i s i o n s  i n  t h e  s h e a t h  and where t h e  probe i s  smaller t h a n  t h e  mean 

f r e e  path.  I t  i s  also u s u a l l y  assumed t h a t  t h e  form of  t h e  s h e a t h  i s  

not  d i s tu rbed  by t h e  flow. 

The t h e o r e t i c a l  r e l a t i o n  between probe c u r r e n t  and flow v e l o c i t y  

i s  shown i n  F ig .  3 f o r  t h e  case where t h e  s h e a t h  t h i c k n e s s  i s  s m a l l  

compared t o  probe r a d i u s .  Under t h e s e  c o n d i t i o n s ,  a u s e f u l  parameter  

t h a t  i n d i c a t e s  whether t h e  flow has a s i g n i f i c a n t  e f f e c t  on  i o n  c u r r e n t  

c o l l e c t i o n  i s  t h e  r a t i o  of  flow v e l o c i t y ,  v t o  thermal  v e l o c i t y ,  
1 f '  - 

= (2kT /m+)2]. Th i s  r a t io  i s  approximately 0.8 t i m e s  t h e  Mach "+ ["+ - 
number f o r  a i r  be fo re  d i s s o c i a t i o n .  When t h e  Mach number i s  much less 

t h a n  uni ty ,  t h e  e f f e c t  of f low i s  n e g l i g i b l e .  When t h e  Mach number i s  

g r e a t e r  t han  about t h r e e ,  t h e  c u r r e n t  i s  e s s e n t i a l l y  made up o f  t h e  

flow o f  i ons  i n t o  t h e  p r o j e c t e d  area o f  t h e  probe. Thus, f o r  a / r  w 1, 
P 

= n ev 2 r  L ( f o r  c y l i n d r i c a l  probes w i t h  flow I+ + f p  
pe rpend icu la r  t o  a x i s )  

and 

( f o r  s p h e r i c a l  p robes)  
2 

I+ = n ev nr  
+ f P  

When t h e  s h e a t h  t h i c k n e s s  i s  l a r g e r  t h a n  t h e  probe r a d i u s ,  t h e  

problem is more complicated.  I n  a d d i t i o n  t o  t h e  Mach number, one must 

cons ide r  t h e  r e l a t i o n  between t h e  p o t e n t i a l  f i e l d  around t h e  probe, 

which p u l l s  t h e  i o n s  toward t h e  probe, and t h e  i n e r t i a  o f  t h e  ions ,  

which c a n  c a r r y  them through t h e  p o t e n t i a l  f i e l d  wi thou t  t h e i r  be ing  

c o l l e c t e d .  This  problem w a s  t r e a t e d  by S m e t a n ~ i ; ~  h i s  r e s u l t s  are 

shown i n  F i g .  4 .  The a c t u a l  c u r r e n t  c o l l e c t e d  i s  o b t a i n e d  by mul t i -  

p l y i n g  the  random c u r r e n t  c o l l e c t e d  through t h e  p h y s i c a l  area o f  t h e  

probe by t h e  f a c t o r  F, g iven  i n  F ig .  4.  

When S (which i s  v /v ) i s  equa l  t o  ze ro ,  w e  have t h e  case d i s -  f +  
cussed  previous ly ,  when ?l << a/r * i . e . ,  t h e  c u r r e n t  i n c r e a s e s  w i t h  

P' 
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1 
(7 -t 1)". 

7 i n c r e a s e s ;  a t  h igh  va lues  of  q, t h e  c u r r e n t  i s  unchanged. 

A s  S becomes g r e a t e r  t h a n  zero ,  t h e  c u r r e n t  a t  low v a l u e s  o f  

This  behavior  can be exp la ined  as fo l lows .  A t  low 7 and l a r g e  

a / r  t h e  p o t e n t i a l  f i e l d  i s  so weak t h a t  m o s t  o f  t h e  i o n s  t h a t  e n t e r  

t h e  shea th  o r b i t  pas t  t h e  probe and l e a v e  t h e  s h e a t h  wi thout  be ing  

c o l l e c t e d .  Under t h e s e  c o n d i t i o n s ,  t h e  c u r r e n t  c o l l e c t e d  i s  equa l  t o  

t h e  random c u r r e n t  d e n s i t y  times t h e  p h y s i c a l  area of t h e  probe.  Thus, 

a t  low q, when t h e  c u r r e n t  i s  o n l y  p r o p o r t i o n a l  t o  t h e  p h y s i c a l  area of 

t h e  probe w i t h  S = 0, t h e  a d d i t i o n  of f low i n c r e a s e s  t h e  c u r r e n t  c o l l e c t e d ,  

j u s t  as i t  would i n  t h e  case o f  a/r 1. When v a l u e s  o f  S are l a r g e ,  
P 

F % S and I 

P' 

nev A where A i s  t h e  p r o j e c t e d  area. + *  f p '  P 

A t  h igher  va lues  of  7, w i t h  S = 0, a l a r g e r  pe rcen tage  o f  t h e  i o n s  

t h a t  e n t e r  t h e  s h e a t h  are c o l l e c t e d  by t h e  probe.  From s imple  o r b i t a l  

c a l c u l a t i o n s  one f i n d s  t h a t  f o r  a g iven  p o t e n t i a l  V and p a r t i c l e s  

1 6  



e n t e r i n g  w i t h  i n i t i a l  energy V t h e  r a d i u s  a t  which p a r t i c l e s  w i l l  j u s t  

be c o l l e c t e d  is r 

c o l l e c t e d  i s  p r o p o r t i o n a l  t o  t h e  f l u x  e n t e r i n g  t h e  s h e a t h  o u t  t o  a r a d i u s  

r t i m e s  t h e  a r e a  at  t h a t  r a d i u s :  

0' 1 
= r (1 + V/Vo)B. The re fo re ,  t h e  c u r r e n t  t h a t  i s  

a P  

a 

Vo = kT /e and I For S equa l  t o  ze ro ,  is g iven  by t h e  equa t ion  f o r  
+ L  - 

a/r > 7 .  I n  t h e  l i m i t  of 7 >> 1, When S > 0, t h e  f l u x  i s  

p r o p o r t i o n a l  t o  SV2 and r = r (1 + 1 P - 
Thus, t h e  abso rp t ion  

0 a P 
r a d i u s  is  decreased ,  wh i l e  t h e  f l u x  e n t e r i n g  t h e  s h e a t h  i n c r e a s e s  so 

t h a t  

2 
When 7 >> S , t h i s  reduces  t o  t h e  same v a l u e  as when S = 0. 

With t h i s  unders tanding  of cu r ren t  c o l l e c t i o n  under flow condi- 

t i o n s ,  l e t  us r e c o n s i d e r  F ig .  1. Using t h e  asymptotic s o l u t i o n s  f o r  

S = 0 and S >> 1, w e  can formula te  a t r a n s f o r m a t i o n  of  t h e  coord ina te s  

which w i l l  be u s e f u l  f o r  ana lyz ing  probes i n  f lowing  as w e l l  as non- 

f lowing  plasmas. 

The a b s c i s s a ,  q, i s  t h e  r a t i o  o f  t h e  p o t e n t i a l  energy of t h e  

e lectr ic  f i e l d  to  t h e  k i n e t i c  energy o f  t h e  e l e c t r o n s .  For a f lowing  

plasma, t h e  k i n e t i c  energy of t h e  e l e c t r o n ,  a t  l a r g e  va lues  of  S ,  i s  

S t i m e s  as g r e a t  as t h e i r  k i n e t i c  energy of random motion. Thus, i f  

w e  r e p l a c e  q by r(/S2, t h e  a b s c i s s a  w i l l  measure t h e  same r a t i o  of  

e n e r g i e s ,  i n c l u d i n g  t h a t  of t h e  flowing plasma. A more c o r r e c t  formu- 

2 

;c1 l a t i o n  would be 7/(1 + S ), s i n c e  w e  know t h a t  when S = 0, t h e  t r a n s -  

format ion  should  reduce  t o  q. 
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Simi la r ly ,  t h e  o r d i n a t e ,  I / A J ,  i s  a measure of  t h e  r a t i o  of  t h e  

c u r r e n t  c o l l e c t e d  by t h e  probe t o  t h e  random f l u x  which e n t e r s  t h e  

phys ica l  a r e a  a t  a v e l o c i t y  p ropor t iona l  t o  t h e  squa re  r o o t  of t h e  

k i n e t i c  energy. But w i t h  f low,  t h e  f l u x  i s  inc reased  by a f a c t o r  S,  and 

t h e r e f o r e  t h e  o r d i n a t e  may be w r i t t e n  as I/(AJ)S, o r ,  t o  cover  t h e  case 
2 %  

of  S = 0,  I / ( 1  4- S ) (AJ).  

I f  t he  o r d i n a t e  and a b s c i s s a  i n  F ig .  1 are t ransformed i n  t h i s  way ,  

w e  o b t a i n  a c h a r t  f o r  probe o p e r a t i o n  both  w i t h  and wi thout  flow and 

f o r  bo th  l a r g e  and small  s h e a t h s .  The va lues  ob ta ined  i n  t h i s  way agree  

w i t h  Smetana’sg r e s u l t s  q u i t e  w e l l .  On t h e  o t h e r  hand, t h e r e  i s  very  

l i t t l e  experimental  v e r i f i c a t i o n  o f  t h e s e  t h e o r e t i c a l  t r ea tmen t s .  I n  

t h e  experimental  s e c t i o n  of  t h i s  r e p o r t  w e  s h a l l  p re sen t  ev idence  f o r  t h e  

case  of  small s h e a t h s .  

D. CYLINDRICAL PROBES I N  CONTINUUM FLOW 

When t h e  probe dimension becomes much l a r g e r  t h a n  t h e  mean f r e e  

pa th ,  i t  is t o  be expected t h a t  a shock w i l l  be formed around t h e  

probe.” 

t i o n  under such c o n d i t i o n s ;  i n  t h i s  s e c t i o n  w e  m e r e l y  mention some of 

t h e  processes  t h a t  might be o p e r a t i v e .  

N o  t h e o r e t i c a l  t rea tment  e x i s t s  f o r  c y l i n d r i c a l  probe opera-  

When a shock forms around a c y l i n d r i c a l  probe i n  a f lowing  plasma, 

t h e  probe w i l l  be  “ i s o l a t e d ”  from t h e  i n c i d e n t  plasma i n  t h e  s e n s e  t h a t  

i t  w i l l  be sampling c o n d i t i o n s  behind t h e  secondary shock r a t h e r  t h a n  

cond i t ions  i n  t h e  i n c i d e n t  plasma. The probe w i l l  s t i l l  measure t h e  

f l u x  across  t h e  shea th ,  but  t h e  problem w i l l  be i n  r e l a t i n g  t h i s  f l u x  

t o  t h e  inc iden t  q u a n t i t i e s .  

The gas which goes through t h e  shock w i l l  be  compressed, so t h a t  

even i f  no a d d i t i o n a l  i o n i z a t i o n  occurs, t h e  e l e c t r o n  d e n s i t y  w i l l  i n -  

crease from t h a t  of t h e  i n c i d e n t  f low.  The gas  v e l o c i t y  w i l l  be slowed 

down and its d i r e c t i o n  changed. S ince  t h e  gas t empera tu re  w i l l  i n c r e a s e ,  

t h e  Mach number behind t h e  shock w i l l  be  reduced.  

The shock detachment d i s t a n c e  i s  e s s e n t i a l l y  a f u n c t i o n  of  probe 

r a d i u s  and Mach number, be ing  roughly of  t h e  o r d e r  of a f e w  t e n t h s  o f  
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t h e  probe r a d i u s .  If t h i s  d i s t a n c e  is too  s h o r t  f o r  chemical r e l a x a t i o n  

t o  occur ,  t h e  gas w i l l  be i n  a condi t ion  of  nonequi l ibr ium. The gas 

molecules may flow around t h e  probe be fo re  t h e i r  h igh  t r a n s l a t i o n a l  

energy can be converted i n t o  i o n i z a t i o n  and d i s s o c i a t i o n .  

Even i f  t h e  gas does e q u i l i b r a t e ,  a boundary l a y e r  w i l l  always form 

and w i l l  almost c e r t a i n l y  not be i n  i o n i z a t i o n  equ i l ib r ium.  (The e l ec -  

t r o n  d e n s i t y  w i l l  not equal  t h e  value f o r  equ i l ib r ium cond i t ions  a t  a 

given temperature  and gas d e n s i t y . )  Except f o r  very weak shocks,  t h e  

s h e a t h  w i l l  gene ra l ly  be embedded i n  t h e  boundary l a y e r ,  so t h a t  it i s  

important  t o  be a b l e  t o  r e l a t e  t h e  boundary-layer parameters t o  t h e  

i n c i d e n t  flow parameters .  Recombination i n  t h e  boundary l a y e r  may be 

important  at  t h e  very h igh  e l e c t r o n  d e n s i t i e s  formed by t h e  secondary 

shock. 

Adequate handl ing  of t h i s  ca se  t h e o r e t i c a l l y  would be a formidable  

under tak ing .  Our approach has been f i r s t  t o  ga the r  d a t a  on probe opera- 

t i o n  under t h e s e  cond i t ions ,  and then t o  s e e  whether t h e r e  a r e  any 

a p p l i c a b l e  s c a l i n g  r e l a t i o n s  which enable  one t o  g e n e r a l i z e  t h e  r e s u l t s .  

Such s c a l i n g  r e l a t i o n s  could a l s o  be used by t h e  t h e o r e t i c i a n  as a guide 

i n  i d e n t i f y i n g  t h e  dominant processes  and s i m p l i f y i n g  h i s  a n a l y s i s .  The 

r e s u l t s  of such an experimental  program w i l l  be presented  i n  Sec. 111. 

E .  NARROW WEDCfE PROBES 

Use of a wedge s t r u c t u r e  is of i n t e r e s t  because t h e  wedge o f f e r s  

t h e  p o s s i b i l i t y  of provid ing  minimal d i s tu rbance  of t h e  flow f i e l d  near  

t h e  probe whi le  main ta in ing  adequate mechanical s t r e n g t h .  To avoid 

d i s t u r b i n g  t h e  flow, c y l i n d r i c a l  probes must have r a d i i  t h a t  are s m a l l  

compared t o  t h e  mean f r e e  pa th ,  and t h u s  they  a r e  mechanically poor. 

With a wedge, i t  may be p o s s i b l e  t o  main ta in  t h e  flow undis turbed  simply 

by t h e  geometry of  t h e  s t r u c t u r e ,  and s i n c e  t h e  base of such a wedge 

would be much l a r g e r  than  a free-molecular  c y l i n d e r ,  t h e  wedge would be 

much s t r o n g e r .  

Recent t h e o r e t i c a l  i n v e s t i g a t i o n s  of t h e  flow f i e l d  about s l e n d e r  

cones under re -en t ry  cond i t ions  have i n d i c a t e d  t h a t  t h e s e  bodies  produce 
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e l e c t r o n s  on ly  i n  t h e  boundary l a y e r  sur rounding  t h e  body." 

more, t h e  v a l u e s  of t h e  e l e c t r o n  d e n s i t i e s  i n  t h e  boundary layer  a r e  

q u i t e  low compared t o  t h e  e l e c t r o n  d e n s i t i e s  produced by blunt-nosed 

bodies a t  t h e  same a l t i t u d e  and v e l o c i t y  as t h e  cones.  On s l e n d e r  

cones t h e  boundary-layer e l e c t r o n s  are produced on ly  a f t e r  t h e  gas 

has moved many f e e t  down t h e  body. 

Fur ther -  

Applying t h e s e  i d e a s  t o  probes,  w e  thought i t  would be i n t e r e s t i n g  

t o  c o n s t r u c t  a two-dimensional wedge i n  o r d e r  t o  de te rmine  whether t h e  

shock s t r u c t u r e  produced by such  a body would minimize t h e  change of t h e  

i n c i d e n t  flow parameters .  There are two ways i n  which such a wedge could  

be used t o  advantage. F i r s t ,  i f  t h e  l e a d i n g  edge of t h e  wedge were made 

s u f f i c i e n t l y  s h a r p  so  t h a t  it w a s  f ree-molecular ,  t h i s  edge could be 

e l e c t r i c a l l y  i s o l a t e d  from t h e  rest of t h e  wedge and used a s  a f r e e -  

molecular e l e c t r o d e .  The changes i n  e l e c t r o n  d e n s i t y  due t o  t h e  shock 

formed around t h e  wedge would not a f f e c t  t h e  plasma at t h e  e l e c t r o d e ,  

because i n  supe r son ic  flow, changes produced downstream from a p o i n t  

cannot propagate upstream and a l t e r  t h e  gas p r o p e r t i e s  a t  t h e  upstream 

p o i n t .  Thus, changes produced by t h e  shock s t r u c t u r e  downstream o f  t h e  

l e a d i n g  edge of t h e  wedge could  not  r each  t h e  l e a d i n g  edge. An example 

of such  a probe i s  a small  w i r e  used as t h e  l e a d i n g  edge of a wedge made 

of d i e l e c t r i c .  The w i r e  s e r v e s  as t h e  e l e c t r o d e ,  and t h e  rest of t h e  

wedge i s  a mechanical s u p p o r t .  

A l t e r n a t i v e l y ,  t h e  e n t i r e  wedge cou ld  be  used as an e l e c t r o d e .  

I n  t h i s  ca se ,  t h e  shock s t r u c t u r e  produced by t h e  wedge would be s u f -  

f i c i e n t l y  weak and t h e  flow t i m e s  s u f f i c i e n t l y  s h o r t  t h a t  t h e  i n c i d e n t  

plasma would not be apprec i ab ly  changed i n  t h e  v i c i n i t y  of  t h e  probe. 

I n  o rde r  t o  i n t e r p r e t  t h e  c u r r e n t  c o l l e c t e d  by a narrow wedge, w e  

have used a f ree-molecular  t h e o r y  d e r i v e d  f o r  a f l a t  p l a t e  i n c l i n e d  a t  

an ang le  t o  t h e  flow. The r e s u l t s  are shown i n  F ig .  5.' This  f i g u r e  

shows a v e l o c i t y  f a c t o r  which must be used t o  m u l t i p l y  a c o n s t a n t  f a c t o r  

i n  o r d e r  t o  g ive  t h e  ne t  c u r r e n t  

n e v  

4 + + ( v e l o c i t y  f a c t o r )  ( a r e a )  I =  
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F IG.5 VELOCITY FACTOR AS A FUNCTION OF VELOCITY PARAMETER 
FOR FLAT PLATES 

Note i n  Fig.  5 t h a t  t h e  v e l o c i t y  f a c t o r  t e n d s  t o  1 a s  t h e  angle  between 

t h e  f low v e l o c i t y  and t h e  normal t o  t h e  p l a t e  i n c r e a s e s .  Under t h e s e  

c o n d i t i o n s ,  t h e  flow v e l o c i t y  becomes less impor tan t ,  because t h e  area 

p r o j e c t e d  i n t o  t h e  flow tends  toward z e r o  a s  8 goes t o  90 degrees .  When 

t h i s  occurs, t h e  c u r r e n t  c o l l e c t e d  i s  a t t r i b u t a b l e  o n l y  t o  t h e  thermal  

motion o f  t h e  e l e c t r o n s .  

A narrow wedge a t  zero-degree angle  of a t t a c k  can be  considered as 

t w o  f l a t  p l a t e s  i n c l i n e d  at oppos i te  angles  t o  t h e  flow. Thus, w e  can 

i n t e r p r e t  t h e  c u r r e n t  t o  t h e  wedge u s i n g  Hoegy's and Brace's theory. '  

O f  c o u r s e ,  t h e i r  theory  i s  fo r  free-molecular  c o n d i t i o n s ,  whereas w e  

a r e  i n t e r e s t e d  i n  continuum f low condi t ions .  However, i f  t h e  wedge does 

not  d i s t u r b  t h e  flow, t h e  free-molecular  theory  may be a p p l i c a b l e  even 

under  continuum c o n d i t i o n s .  The r e s u l t s  of  measurements w i t h  a narrow 

21 



wedge of about 40  mean f ree  pa ths  a t  t h e  base  i s  p resen ted  i n  Sec.  1 1 1 - B ,  

"Experimental Resu l t s  ." 
F. ION COLLECTION BY FLUSH PROBES IN NONUNIFORM PLASMAS* 

I n  o r d e r  t o  avoid p e r t u r b a t i o n s  o f  t h e  f lowing plasma sur rounding  

a re -en t ry  v e h i c l e ,  i t  may be necessary  t o  p l ace  probes on  t h e  s u r f a c e  

of t h e  v e h i c l e  r a t h e r  t han  i n  t h e  flow f i e l d .  S ince  t h e  e l e c t r o n  

d e n s i t y  v a r i e s  as a f u n c t i o n  of d i s t a n c e  from t h e  v e h i c l e  s u r f a c e ,  t h e  

ques t ion  arises as to  what c u r r e n t  t h e  probe w i l l  measure. 

O r d i n a r i l y ,  a probe samples t h e  plasma at  t h e  edge o f  t h e  shea th .  

For t h e  c l a s s i c a l  case, where t h e  mean f r e e  pa th  i s  much l a r g e r  t han  t h e  

s h e a t h  r ad ius ,  t h e  d e n s i t y  wi thout  t h e  probe p resen t  cannot change s i g -  

n i f i c a n t l y  i n  a s h e a t h  t h i c k n e s s .  However, i n  t h e  immediate v i c i n i t y  of  

t h e  v e h i c l e  s u r f a c e ,  t h e  e l e c t r o n  d e n s i t y  may be so l o w  t h a t  t h e  s h e a t h  

ex tends  o u t  many mean f r e e  pa ths  t o  a po in t  where t h e  e l e c t r o n  d e n s i t y  

has  increased  s i g n i f i c a n t l y .  Under t h e s e  cond i t ions ,  t h e r e  w i l l  be  many 

c o l l i s i o n s  i n  t h e  shea th .  The fo l lowing  i s  a f i r s t  a t tempt  a t  a one- 

dimensional t heo ry  t o  handle  t h i s  case. 

A p lanar  geometry i s  assumed, w i t h  t h e  probe s u f f i c i e n t l y  l a r g e  

t h a t  t h e  phys ica l  and s h e a t h  areas are approximately e q u a l ;  most o f  t h e  

c u r r e n t  d r i f t s  i n t o  t h e  s h e a t h  from a p l ane  d cen t ime te r s  from t h e  su r -  

f ace .  Assuming t h a t  t h e r e  i s  n e i t h e r  recombinat ion nor  i o n i z a t i o n  i n  

t h e  shea th ,  an equa t ion  f o r  t h e  c u r r e n t  may be w r i t t e n  as: 

S 

1 = An ev /4 
+s + 

where 

n = i o n  d e n s i t y  a t  t h e  s h e a t h  edge 
+S 

v = thermal  v e l o c i t y  a t  t h e  s h e a t h  edge. + 

* 
Work accomplished under ARPA Contrac t  SD-103, Order  281-62. 

22 



I f  t h e s e  assumptions are c o r r e c t ,  a measurement o f  t h e  i o n  c u r r e n t  

coupled w i t h  a knowledge ( e i t h e r  t h e o r e t i c a l  o r  from ano the r  measurement) 

of  t h e  thermal  v e l o c i t y  a t  t h e  shea th  edge i s  s u f f i c i e n t  to  determine t h e  

i o n  d e n s i t y  a t  t h e  s h e a t h  edge. I n  o r d e r  t o  e s t a b l i s h  t h e  l o c a t i o n  o f  

t h e  s h e a t h  edge, it i s  assumed t h a t  t h e  charge  d e n s i t y  r e d i s t r i b u t e s  i t- 

s e l f  w i t h i n  t h e  s h e a t h  i n  such  a manner t h a t  t h e  c u r r e n t  f lowing  a c r o s s  

t h e  s h e a t h  t o  t h e  e l e c t r o d e  is governed by t h e  same r e l a t i o n s h i p s  as f o r  

a space-charge- l imi ted  diode at h igh  p r e s s u r e s  .13 

given  by 

This  r e l a t i o n s h i p  i s  

where 

= i o n  mob i l i t y  
p+ 

V = p o t e n t i a l  ac ross  t h e  shea th  

d = d i s t a n c e  from t h e  wal l  t o  t h e  s h e a t h  edge 
S 

A = area of t h e  e l e c t r o d e .  

Equat ion  (9)  may be so lved  f o r  d i n  terms o f  t h e  exper imenta l  
S 

parameters ,  I, V, and IJ- Equation (9) i s  f o r  a cons t an t  mob i l i t y  

through t h e  d iode .  For a s h e a t h  formed nea r  t h e  v e h i c l e  s u r f a c e ,  t h e  

m o b i l i t y  w i l l  vary  through t h e  shea th ,  dec reas ing  toward t h e  s u r f a c e  by 

a f a c t o r  t h a t  i s  g e n e r a l l y  less than  t h r e e .  The d iode  equa t ions  have 

been so lved  w i t h  a mob i l i t y  dec reas ing  e x p o n e n t i a l l y  from t h e  cathode. 

It  i s  found t h a t  f o r  a decrease  i n  m o b i l i t y  o f  a f a c t o r  of  t h r e e ,  t h e  

s o l u t i o n  has  t h e  same form as Eq. (8) w i t h  p equa l  t o  t h e  mob i l i t y  a t  

t h e  s h e a t h  edge, bu t  w i t h  t h e  cons t an t  reduced t o  about t h r e e  q u a r t e r s  

o f  the  va lue  shown above. Considering t h e  o r d e r  of  t h e  o t h e r  approxi- 

mat ions ,  Eq. ( 8 )  w i l l  be used as it  s t a n d s ,  w i t h  IJ- equa l  t o  t h e  mob i l i t y  

at the  s h e a t h  edge. 

+' 

+ 

+ 

I f  t h e s e  assumptions are v a l i d ,  t h e  measurement o f  c u r r e n t  i n  an 

e l e c t r o d e  f l u s h  w i t h  t h e  v e h i c l e  s u r f a c e  w i l l  enab le  one t o  determine 

t h e  i o n  f l u x  a t  a d i s t a n c e  d from t h e  s u r f a c e .  I t  i s  i n t e r e s t i n g  t o  
S 

23 



no te  from Eq. (9) t h a t  t h e  s h e a t h  edge may be moved by vary ing  t h e  probe 

p o t e n t i a l ,  so t h a t  t h e r e  i s  t h e  p o s s i b i l i t y  of  measuring t h e  e l e c t r o n  

d e n s i t y  p r o f i l e  nea r  t h e  w a l l .  The d i s t a n c e  d w i l l  be  a f u n c t i o n  o f  

t h e  plasma parameters  as w e l l  as t h e  p o t e n t i a l .  For r easonab le  poten- 

t i a l s ,  d w i l l  be of t h e  o r d e r  of 0.025 mm ( 1  m i l )  f o r  e l e c t r o n  d e n s i t i e s  

around l O I 3  e l ec t ron /cc ,  and w i l l  i n c r e a s e  t o  about a cen t ime te r  f o r  

d e n s i t i e s  around 10  e l e c t r o n / c c .  Thus, t h e  degree  t o  which t h e  boundary 

l a y e r  near  t h e  v e h i c l e  can  be  sampled by a f l u s h  probe w i l l  depend 

s t r o n g l y  upon t h e  d e n s i t y  l e v e l s  involved.  

S 

S 

7 

Pre l iminary  r e s u l t s  u s i n g  t h i s  t heo ry  t o  i n t e r p r e t  da t a  t aken  i n  a 

shock tube are d i scussed  i n  Sec.  111 .  
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I I I ELECTROSTATIC PROBE MEASUREMENTS 

A. I NTRODUCT ION 

I n  o r d e r  t o  check t h e  theo ry  of probe o p e r a t i o n  i n  supe r son ic  

i o n i z e d  flows under f ree-molecular  cond i t ions  and t o  g a t h e r  d a t a  f o r  

c o n s t r u c t i o n  o f  a theo ry  under continuum flow c o n d i t i o n s ,  measurements 

were made i n  a p res su re -d r iven  shock t u b e .  The c h a r a c t e r i s t i c s  of t h e  

shock t u b e  are desc r ibed  i n  t h e  appendix. 

A set o f  t h r e e  c y l i n d r i c a l  probes w a s  used f o r  t h e  measurements. 

The probe dimensions w e r e  0.01 i n c h  (diameter) X 1/4 i n c h  ( l e n g t h ) ;  

1/16 X 5/8 i n c h ;  and 1/4 X 2-1/2 inch. Each probe w a s  a t  l e a s t  twenty 

t i m e s  l onge r  t h a n  i t s  radius  so t h z t  ezc! effects would be n e g l i g i b l e .  

Measurements w e r e  made a t  two i n i t i a l  shock-tube p res su res ,  

= 1 mmHg and p = 0.1 mmHg. Shock v e l o c i t i e s  ranged from about 
P1  1 
3 t o  5 mm/psec a t  t h e  h ighe r  p re s su re ,  and from 4 t o  7 mm/psec a t  t h e  

lower p re s su re .  The r a t i o  o f  shock v e l o c i t y  t o  v behind t h e  shock, 

v a r i e d  from about 2.3 t o  3.7 o v e r  t h i s  range  of  p re s su res  and shock 

v e l o c i t i e s .  

+, 

The probe sizes, i n  u n i t s  o f  n e u t r a l - n e u t r a l  mean f r e e  pa ths  behind 

t h e  i n c i d e n t  shock, are shown i n  Table I.  For s t r ic t  f ree-molecular  

f low t h e  probe r a d i u s  should  be sma l l e r  t h a n  t h e  i n c i d e n t  mean f r e e  

p a t h .  Th i s  w a s  not t h e  case f o r  any of  t h e  above cond i t ions ,  bu t ,  as 

w i l l  be d i s c u s s e d  l a t e r ,  t h e  0.01- X 1/4-inch probe a t  p 

o p e r a t e d  as though it were i n  t h e  f r e e  molecular regime. There i s  no 

s h a r p l y  de f ined  v a l u e  of  r /X above which t h e  flow can  be cons idered  a 

continuum, but  from t h e  work of Probs te in  a r a t i o  of about r /X = 30 

= 0.1 mmHg 1 

P 

P 
s e e m s  s u f f i c i e n t  f o r  t r a n s i t i o n  wel l  i n t o  t h e  continuum regime. lo I f  

t h i s  is  t r u e ,  t h e n  on ly  t h e  1/4-inch d iameter  probe a t  0 .1  mmHg and t h e  

1/16- and 1/4-inch probes a t  1 mmHg w e r e  i n  continuum flow. C e r t a i n  

s c a l i n g  r e l a t i o n s  t h a t  w e r e  discovered upon ana lyz ing  t h e  d a t a  r e i n f o r c e  

t h e  i d e a  t h a t  t h e s e  probes w e r e  o p e r a t i n g  i n  a s i m i l a r  flow regime. 
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Table  I 

EXPERIMENTAL PROBE SIZES 

V 

(mm/psec) 

4 

5 

6 

7 

Mean Free Pa th  P 1x2 xz ( m i l s )  r = 5 m i l s  r = 31 m i l s  r = 125 m i l s  
P P P 

2 .0  2 .5  15 62 

1 .85  2 . 7  17 68 

1.57 3 . 2  20 80 

1 .38  3 .6  22 91 

V 

(mm/psec> 

4 

5 

6 

7 

The equ i l ib r ium va lues  of e l e c t r o n  d e n s i t y  and gas tempera ture  be- 

hind t h e  i n c i d e n t  shock are shown i n  F igs .  6 and 7 as a f u n c t i o n  o f  

shock speed. Over t h e  range  o f  shock speeds  and p r e s s u r e s  t h a t  were 

used, t h e  e l e c t r o n  d e n s i t y  v a r i e d  from about l o l o  t o  1014 elec/cc, and 

t h e  gas temperature v a r i e d  from 2500' t o  6000'K. 

Mean Free Pa th  P 'xz 
( m i l s )  r = 5 m i l s  r = 31 m i l s  r = 125 m i l s  

P P P 

0.213 23 146 590 

0.198 25 157 630 

0.165 30 190 7 60 

0.135 37 230 92 5 

Due t o  a b l a t i o n  products  from t h e  d i e l e c t r i c  l i n e r  i n  t h e  d r i v e r  

s e c t i o n ,  a soo ty  depos i t  w a s  c a r r i e d  down t h e  t u b e ,  cove r ing  t h e  W a l l s  

and t h e  probes. I t  was t h e r e f o r e  necessa ry  t o  c l e a n  t h e  probes by 

l i g h t l y  rubbing them w i t h  f i n e  emory c l o t h  and washing them i n  a l c o h o l  

a f t e r  each s h o t  t o  ensu re  r e l i a b l e  measurements. 
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SHOCK SPEED-mm/psec 
T B - S O 3 4 - 6  

FIG. 6 EQUILIBRIUM VALUE OF ELECTRON DENSITY BEHIND 
A NORMAL SHOCK AS A FUNCTION OF SHOCK VELOCITY 
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FIG. 7 EQUILIBRIUM VALUE OF GAS TEMPERATURE BEHIND 
A NORMAL SHOCK AS A FUNCTION OF SHOCK VELOCITY 

T e s t s  were made t o  determine whether  t h e  e l e c t r o n  d e n s i t y  i n  t h e  

s l u g  behind t h e  shock f r o n t  w a s  t h e  e q u i l i b r i u m  va lue .  These tests are 

desc r ibed  i n  t h e  appendix.  The r e s u l t s  showed t h a t  e q u i l i b r i u m  e l e c t r o n  

d e n s i t i e s  were ob ta ined  at 1 mmHg even a f t e r  t h e  t u b e  w a s  f i r e d  40 t i m e s  

wi thout  c leaning .  S ince  t h e  e l e c t r o n  d e n s i t y  i s  such  a s e n s i t i v e  fUnC- 

t i o n  of  gas tempera ture  and impur i ty  l e v e l ,  i t  w a s  concluded t h a t  if t h e  

e l e c t r o n  dens i ty  w a s  t h e  e q u i l i b r i u m  va lue ,  i t  w a s  l i k e l y  t h a t  t h e  

o t h e r  gas p r o p e r t i e s  were a l s o  i n  e q u i l i b r i u m .  

trOn dens i ty  w a s  below e q u i l i b r i u m  by as much as an  o r d e r  of  magnitude 

A t  0.1  mmHg t h e  elec- 
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i f  t h e  t u b e  w a s  not  proper ly  cleaned. However, i t  t o o k  s e v e r a l  s h o t s  

before  t h e  d e v i a t i o n  from e q u i l i b r i u m  became s i g n i f i c a n t ,  t h e r e f o r e  

c l e a n i n g  a f t e r  every s h o t  w a s  not  requi red .  

Measurements were made w i t h  a f ixed  b i a s  v o l t a g e  of  -15 v o l t s ,  

appl ied  t o  t h e  c y l i n d r i c a l  probe w i t h  r e s p e c t  t o  t h e  shock t u b e  w a l l .  

This  v a l u e  w a s  judged s u f f i c i e n t l y  nega t ive  t o  e n s u r e  o p e r a t i o n  i n  t h e  

ion  s a t u r a t i o n  p o r t i o n  o f  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c .  T h i s  

r e g i o n  of o p e r a t i o n  has  been found t o  be  t h e  m o s t  r e l i a b l e  f o r  measure- 

ments of  e l e c t r o n  d e n s i t y  i n  a v a r i e t y  o f  l a b o r a t o r y  plasmas ( e l e c t r o -  

magnetic shock t u b e s ,  f lames,  and dc and RF d i s c h a r g e s ) .  The e l e c t r o n  

s a t u r a t i o n  c u r r e n t  has o f t e n  been found to  g i v e  e r roneous ly  low readings ,  

depending on t h e  t y p e  o f  plasma. Although i t  i s  d e s i r a b l e  t o  have in -  

formation about t h e  e n t i r e  cur ren t -vol tage  c h a r a c t e r i s t i c  for probes 

i n  f iowing  plasmiis, it was decided t h a t  i n  t h e  t i m e  a v a i l a b l e  more would 

be l e a r n e d  from f ixed-b ias ,  sa tura ted- ion-cur ren t  measurements. 

The c i r c u i t  diagram f o r  a probe i s  shown i n  Fig.  8. The r e s i s t o r  

was s e l e c t e d  such t h a t  t h e  drop across  i t  w a s  small compared t o  15 v o l t s .  

ION PROBE 
ELECTRODE 

I 7 

?f 
SHOCK TUBE 

WALL 

FIG. 8 ION PROBE CIRCUITRY 

The probe c u r r e n t s  w e r e  developed ac ross  t h e  r e s i s t o r  and t h e n  f e d  i n t o  

about 30 f e e t  o f  RG 5 8 / U  c a b l e ,  which has  about 30 ppfd/ f t  c a p a c i t a n c e .  

The RC t i m e  c o n s t a n t  r e s u l t i n g  from t h i s  combi'nation of r e s i s t a n c e  and 

c a p a c i t a n c e  w a s  always less t h a n  a microsecond, and most of t h e  t i m e  

less t h a n  0 .1  psec.  
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The tes t s  w e r e  made w i t h  many probes a t  a s i n g l e  s t a t i o n .  I n  o r d e r  

t o  be  c e r t a i n  t h a t  t h e r e  w a s  no coup l ing  or i n t e r f e r e n c e  between t h e  

probes,  a l l  of which had a common ground i n  t h e  shock-tube w a l l ,  tests 

were run both  w i t h  a s i n g l e  probe and w i t h  many probes a t  t h e  same 

s t a t i o n .  There was no d i s c e r n i b l e  d i f f e r e n c e  between t h e  two cond i t ions .  

B. EXPERIMENTAL RESULTS 

1. C v l i n d r i c a l  Probes 

A t y p i c a l  probe response i s  shown i n  t h e  upper t race of Fig.  9 .  

When t h e  shock a r r i v e s  t h e r e  i s  an abrupt  rise i n  c u r r e n t  t o  a l e v e l  t h a t  

STATION 579 
PI = I mmHg 
Us 4.25 mm/pec 
(n+)- = 5 x lo''ions/cc 

0.1 v/cm, I O O ~  

FIG. 9 TYPICAL FREE-STREAM ION PROBE RESPONSE 
Upper Trace: Free-Stream Probe 
Lower Trace: Flush Probe 

s t a y s  approximately cons t an t  u n t i l  t h e  c o n t a c t  s u r f a c e  a r r i v e s ,  a t  which 

t i m e  the  c u r r e n t  rises s h a r p l y  and becomes r a t h e r  e r r a t i c .  No a t tempt  

was made t o  s tudy  t h e  rise i n  e l e c t r o n  d e n s i t y  w i t h  t i m e  across t h e  

shock f r o n t ,  a l though at t h e  lower shock speeds  t h e  i o n i z a t i o n  r ise  

t i m e  could be measured. Probes would be  an  e x c e l l e n t  t o o l  f o r  such a 

s tudy ,  and would enab le  in fo rma t ion  on  ra te  c o n s t a n t s  t o  be  determined.  

The r e s u l t s  from t h e  measurements have been reduced to a v a l u e  

of  e l e c t r o n  d e n s i t y  by assuming t h a t  t h e  measured c u r r e n t  i s  a t t r i b u t a b l e  

t o  c o l l e c t i o n  of  t h e  i n c i d e n t  f l u x  by t h e  p r o j e c t e d  area o f  t h e  probe. 

Th i s  i s  t h e  case when a/r w 1 and t h e  f low is f ree-molecular .  The 
P 
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r e l a t i o n  between e l e c t r o n  d e n s i t y  and c u r r e n t  t h a t  w a s  used is: 

I+ n =  + e v  d L  f 

where I is  t h e  measured c u r r e n t  and v is t h e  shock v e l o c i t y .  + f 

The flow behind t h e  inc iden t  shock is  less t h a n  t h e  shock 

v e l o c i t y  by a f a c t o r  of  less than  10 percent  and v a r i e s  s lowly w i t h  

shock s t r e n g t h .  For ease of  d a t a  reduct ion  w e  have used t h e  shock speed 

r a t h e r  t h a n  t h e  a c t u a l  f low speed behind t h e  shock. 

Over most of  t h e  range o f  e l e c t r o n  d e n s i t y  t h e  s h e a t h  w a s  no 

l a rger  t h a n  the probe r a d i u s ?  but  f o r  p, = 1 mmHg t h e  flow w a s  not f r e e -  

molecular .  W e  t h e r e f o r e  d i d  not  expect t h e  c u r r e n t  t o  reach  t h e  probe 

w i t h  v e l o c i t y  v but  w i t h  a somewhat s lower  v e l o c i t y ,  corresponding t o  

t h e  tempera ture  of t h e  e l e c t r o n s  behind t h e  shock formed around t h e  

probe. However, w e  have c a l c u l a t e d  a va lue  of n from t h e  above equa t ion  

and reduced a l l  of t h e  d a t a  i n  t h i s  way simply t o  have a uniform b a s i s  

f o r  comparison and some i d e a  o f  t h e  e l e c t r o n  d e n s i t i e s  measured a t  t h e  

f ’  s h e a t h  edge. I f ,  i n  f a c t ,  t h e  proper v e l o c i t y  is  some f r a c t i o n  of v 

t h i s  should  only  change t h e  r e s u l t s  by a scale f a c t o r .  I f  t h e  c u r r e n t  

is  a t t r i b u t a b l e  t o  thermal  energy, and so d r i f t s  i n t o  t h e  probe around 

t h e  en t i re  circumference r a t h e r  than only  t h e  p o r t i o n  f a c i n g  t h e  flow, 

t h e r e  i s  a c o r r e c t i o n  of on ly  d 4 .  

I 

f ’  

+ 

a. Resu l t s  at 1 mmHg 

The 1-mmHg r e s u l t s  a re  p l o t t e d  i n  F ig .  10 i n  t h e  form of 

t h e  r a t i o  of  t h e  i n f e r r e d  va lue  of n t o  n ( t h e  equ i l ib r ium v a l u e )  as 

a f u n c t i o n  of n The equi l ibr ium v a l u e  i s  determined from t h e  measured 

v a l u e  of t h e  shock v e l o c i t y .  Although t h e r e  is  some scat ter  of po in t s ,  

e s p e c i a l l y  f o r  t h e  0.01- X 1/4-inch probe a t  t h e  lower e l e c t r o n  d e n s i t i e s ,  

a c lear  p a t t e r n  i s  d i s c e r n i b l e  i n  the  da t a .  

+ eq 

eq ‘ 

None of  t h e  probes y i e l d  a h o r i z o n t a l  l i n e ,  which would 

i n d i c a t e  a l i n e a r  r e l a t i o n  between n and n A l l  of them are + eq - 
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FIG. 10 n+/neq AS A FUNCTION OF neq,  p,  = 1 mrnHg 

approximately s t r a i g h t  l i n e s  on  log- log  paper ,  w i t h  a va lue  which de- 

creases wi th  i n c r e a s i n g  va lues  of n . T h i s  r e l a t i o n  may be expres sed  

approximately by n /n a n , which means t h a t  t h e  va lue  of  n i n -  

creases only w i t h  n1l3. 

t i v e  t o  t h e  i n c i d e n t  e l e c t r o n  d e n s i t y  than  when i t  i s  f r ee -molecu la r .  

eq  -2/3 
+ eq eq  + 

I n  o t h e r  words, t h e  probe i s  much less s e n s i -  
eq  

The v a l u e  of t h e  r a t i o  i s  b o t h  g r e a t e r  and smaller t h a n  

un i ty ,  a l though too much s i g n i f i c a n c e  shou ld  no t  be a t t a c h e d  t o  t h i s  

f a c t .  I f  t h e  p a r t i c l e s  are be ing  c o l l e c t e d  a t  a much slower v e l o c i t y  

than  v then  t h e  i n f e r r e d  va lues  of n and hence t h e  r a t i o  n /n 

would be h igher .  
f '  +' + eq '  

I t  i s  c lear  from t h e s e  r e s u l t s  t h a t  t h e  c y l i n d r i c a l  probes 

f o r  h igh  r /% are d i s t u r b i n g  t h e  flow and not  s imply  sampl ing  t h e  i n c i -  

dent  f l o w .  The error i n  assuming t h a t  t h e  probe  o p e r a t e d  as i f  i t  were 

free-molecular i s  as l a r g e  as p l u s  and minus one  o r d e r  of  magnitude 

o v e r  t h e  range of t h e  measurements. 

P 

32 



b. Probe Curren t  as a Function of Angle 

I n  o r d e r  t o  determine whether t h e  c u r r e n t  w a s  indeed 

be ing  c o l l e c t e d  on ly  on t h e  s i d e  f a c i n g  t h e  flow, and i n  p ropor t ion  t o  

t h e  p r o j e c t e d  area, when r /% was l a r g e ,  t h e  fo l lowing  experiment w a s  

performed . P 

A 7/16-inch d iameter  po lys ty rene  rod  w a s  made t h e  base 

of a f o u r - e l e c t r o d e  probe, as sketched i n  Fig. 11. Each e l e c t r o d e  w a s  

r u n  as a s e p a r a t e  probe, w i t h  t h e  shock-tube w a l l  as t h e  common elec- 

t r o d e  f o r  a l l  probes.  Cur ren t s  were measured on each e l e c t r o d e  f o r  

d i f f e r e n t  r o t a t i o n a l  s e t t i n g s  of  t h e  probe w i t h  r e s p e c t  t o  t h e  flow 

v e l o c i t y .  I n  t h i s  way s u f f i c i e n t  d a t a  w e r e  c o l l e c t e d  t o  enab le  cons t ruc -  

t i o n  of  a p l o t  of c u r r e n t  as a func t ion  of  0 ,  t h e  ang le  between t h e  flow 

v e l o c i t y  and t h e  normai io the  prose surface. P. set of such  measurements 

w a s  made at p = 1 mmHg and a shock v e l o c i t y  of 3.5 mm/psec; t h e  r e s u l t s  

are shown i n  F ig .  1 2 .  I n  t h i s  f i g u r e  t h e  c u r r e n t  has been normalized t o  

t h e  c u r r e n t  c o l l e c t e d  when 0 = 0 degrees.  Most of  t h e  c u r r e n t  w a s  

c o l l e c t e d  by t h e  p o r t i o n  of  t h e  probe f a c i n g  t h e  flow (- 90' 0 5 90'). 

The c u r r e n t  c o l l e c t e d  at  any ang le  on t h e  shadow s i d e  (5 90' 5 9 S 180') 

w a s  less t h a n  10 percent  o f  t h e  c u r r e n t  a t  8 = 0 degrees .  

1 

I t  The c u r r e n t  c o l l e c t e d  on t h e  i l l umina ted"  s i d e  v a r i e d  

approximately as t h e  c o s i n e  of 8. This  i s  t h e  same s o r t  o f  v a r i a t i o n  

t h a t  one  would observe  i f  t h e  probe w e r e  free-molecular,  a l though t h i s  

i s  c e r t a i n l y  not t h e  case. 

t h a t  t h e  va lue  o f  c u r r e n t  a t  8 = f 90 degrees  would be about 10 percent  

of  t h e  va lue  a t  0 = 0 degrees  f o r  a v a l u e  of v /v = 3 .  Thus, t h e  form 

of  t h e  c u r r e n t  d i s t r i b u t i o n  around t h e  probe is s i m i l a r  t o  t h a t  f o r  t h e  

f ree-molecular  case, a l though t h e  l e v e l  i s  d i f f e r e n t .  I n  any case, 

t h e s e  measurements demonstrated t h a t  t h e  assumption t h a t  t h e  c u r r e n t  i s  

c o l l e c t e d  by t h e  p r o j e c t e d  a r e a  of t h e  probe i s  a good one. 

Following Hoegy and Brace' w e  c a l c u l a t e d  

f +  

c. R e s u l t s  a t  0.1 mmHg 

Measurements w e r e  made a t  a p r e s s u r e  of  0.1 mmHg w i t h  

t h e  same set of  c y l i n d r i c a l  probes used f o r  t h e  measurements a t  1 mmHg. 
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POLYSTYRENE 

BRASS ELECTRODE 

TO INDIVIDUAL 
PROBE CIRCUITRY 

R A - 5 0 3 4 - 1  I 

FIG. 11 FOUR-ELECTRODE PROBE 
CONFIGURATION 

As desc r ibed  i n  t h e  appendix, measurements a t  0.1 mmHg p r e s s u r e  w i t h  a 

0.01- X 1/4-inch probe checked q u i t e  w e l l  w i t h  t h e  r e s u l t s  from a 33-Gc 

microwave i n t e r f e r o m e t e r  o v e r  t h e  e l e c t r o n  d e n s i t y  range  of 4 X l o l l  t o  

4 X 10 elec/cc,  when t h e  probe c u r r e n t  w a s  i n t e r p r e t e d  acco rd ing  t o  

Smetana's formula.  Th i s  r e s u l t  i n d i c a t e d  t h a t  t h e  probe w a s  o p e r a t i n g  

under free-molecular c o n d i t i o n s ,  even though i t  w a s  l a r g e r  by a f a c t o r  

of t h r e e  t h a n  is  allowed f o r  i n  s t r i c t l y  f ree-molecular  o p e r a t i o n .  

Measurements w i t h  a c l e a n  shock t u b e  showed t h a t  f r ee -molecu la r  o p e r a t i o n  

continued t o  be t r u e  a t  h i g h e r  e l e c t r o n  d e n s i t i e s ,  w i t h  t h e  probe i n d i -  

c a t i n g  equ i l ib r ium e l e c t r o n  d e n s i t i e s  up t o  almost 1014 elec/cc.  S i n c e  

c l e a n i n g  t h e  tube  r e q u i r e d  so much t i m e ,  i t  w a s  dec ided  t o  use  t h e  

0.01- X 1/4-inch probe,  which had been checked a g a i n s t  microwave measure- 

ments, as an i n d i c a t o r  of  t h e  a c t u a l  e l e c t r o n  d e n s i t y  l e v e l  and as a 

s t anda rd  f o r  comparison w i t h  t h e  o t h e r  probes .  The t u b e  would t h e n  be 

f i r e d  even when i t  was so d i r t y  t h a t  t h e  e l e c t r o n  d e n s i t y  was o t h e r  t h a n  

t h e  equ i l ib r ium va lue .  The r e s u l t s  of t h i s  series of measurements are 

shown i n  F ig .  13. 

1 2  

9 
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FIG. 12 NORMALIZED CURRENT AS A FUNCTION OF e 

I n  t h i s  f i g u r e  w e  have p l o t t e d  t h e  r a t i o  of  n as i n -  +’ 
t h e  e l e c t r o n  d e n s i t y  i n d i c a t e d  on t h e  1 0 - m i l  

0.01’ f e r r e d  above, t o  n 

probe, as a f u n c t i o n  of  t h e  va lue  of n 

e l e c t r o n  d e n s i t y  a s h e a t h  c o r r e c t i o n  w a s  necessary  f o r  t h e  0 .01  probe, 

a c o r r e c t i o n  which amounted t o  a f a c t o r  of  less t h a n  t h r e e .  For t h e  

10-mil probe, which w a s  free-molecular,  t h e  curves  of F ig .  1 w e r e  used 

w i t h  t h e  mod i f i ca t ions  t o  account fo r  flow v e l o c i t y  d i scussed  i n  

Sec. 11-C. 

A t  t h e  lowest v a l u e  of 0.01’ 

We may no te  both  s i m i l a r i t i e s  and d i f f e r e n c e s  between t h e  

1-mmHg and t h e  0.1-mmHg d a t a .  A t  both p re s su res ,  t h e  1/16- and 1/4-inch 

d i ame te r  probes d i s t u r b e d  t h e  inc iden t  plasma, as evidenced by t h e  f a c t  

t h a t  t h e  r a t i o  of  n /n i s  not cons t an t  w i t h  n The r a t i o  at both  

p r e s s u r e s  dec reases  w i t h  i n c r e a s i n g  va lues  of f r ee - s t r eam e l e c t r o n  

d e n s i t y ,  however, a t  0 . 1  mmHg, t h e  1/16- and 1/4-inch d a t a  w e r e  not 

p a r a l l e l ,  as w a s  t h e  case  a t  1 mmHg, and fur thermore ,  t h e  s l o p e  f o r  t h e  

1/16-inch probe i s  less t h a n  a t  1 mmHg. W e  s h a l l  d i s c u s s  t h e s e  s i m i -  

l a r i t i e s  and d i f f e r e n c e s  more f u l l y  i n  Sec. I V .  

+ eq eq .  
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2 .  Narrow Wedge Probe 

Measurements were made at  a p r e s s u r e  of 0 . 1  mmHg w i t h  a 10- 

degree ha l f - ang le  wedge mounted a t  zero-degree ang le  of a t t a c k .  The 

wedge dimensions are shown i n  F ig .  14 .  The d a t a  f o r  t h e  wedge were 

i n t e r p r e t e d  u s i n g  t h e  theo ry  i n d i c a t e d  i n  Sec.  11-D. A t  t h e  lowest 

e l e c t r o n  d e n s i t i e s ,  t h e  s h e a t h  was l a r g e  enough f o r  a modest c o r r e c t i o n  

t o  account f o r  t h e  i n c r e a s e d  area o f  c u r r e n t  c o l l e c t i o n .  

The d a t a  i n d i c a t e  t h a t  t h e  plasma f lowing  o v e r  t h e  l e a d i n g  

l /S- inch edge i s  not  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  i n c i d e n t  f l o w .  

These d a t a  agree  w i t h  t h e  0.01-inch probe d a t a  w i t h i n  a f a c t o r  of  two 

over  t h e  e n t i r e  range of e l e c t r o n  d e n s i t i e s .  T h i s  i n d i c a t e s  t h a t  such 

a probe may be a f e a s i b l e  s o l u t i o n  t o  t h e  problem o f  c o n s t r u c t i n g  a 

probe t h a t  i s  mechanically s t r o n g  but  t h a t  does not  d i s t u r b  t h e  f l o w .  

T h e  next  l o g i c a l  s t e p  i s  t o  make measurements w i t h  t h i s  probe a t  h i g h e r  

I)r'c.ssures and f o r  o t h e r  t han  zero-degree a n g l e  of a t t a c k .  
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FIG. 14 WEDGE-SHAPED PROBE CONFIGURATION 

* 
3 .  Flush  Probes 

The probe geometries t e s t e d  a r e  shown i n  F ig .  15.  They i n -  

c luded  a 9.5-mm diameter  c i r c u l a r  e l e c t r o d e  and t h r e e  s t r i p  e l e c t r o d e s  

of approximate s izes  6.3 X 1.25 mm (HB-1); 7 .5  X 1.25 mm (HB-2); and 

6 . 3  X 0.25 mm. S ince  a l l  probes were connected t o  a common ground 

through t h e  o s c i l l o s c o p e s ,  they  were o p e r a t e d  as unequal a r e a  probes ;  

t h e  shock-tube w a l l  s e rved  as t h e  second, c i r c u i t - c o m p l e t i n g  e l e c t r o d e .  

I n  F igs .  16  and 17, c h a r a c t e r i s t i c  f l u s h  i o n  probe responses  

t o  wide ly  d i f f e r i n g  f r ee - s t r eam cond i t ions  are shown. S ince  a l l  t h e  

* 
Abs t rac t ed  from SRI Technica l  Report 26, P r o j e c t  3857, May 1965. 
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FIG. 15 CONFIGURATIONS OF FLUSH ION PROBES 
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FIG. 15 CONFIGURATIONS OF FLUSH ION PROBES 
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STATION 579 
PI = I mmHg 
Us = 4.25 mm/psec 
(n+)- = 5 x IO’‘ ions/cc 
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FIG. 16 TYPICAL TIME-RESOLVED RESPONSE O F  HB-1 ION PROBE 
FOR INTERMEDIATE AND HIGH FREE-STREAM DENSITIES 
Upper Trace: Free-Stream Probe 
Lower Trace: Flush Probe 

f l u s h  probes i n d i c a t e d  s imilar  r e sponse  c h a r a c t e r i s t i c s ,  o n l y  t h e  HB-1 

probe  response  i s  shown. A t y p i c a l  r e s p o n s e  f o r  i n t e r m e d i a t e  and h i g h  

f r e e - s t r e a m  i o n i z a t i o n  l e v e l s  i s  shown i n  F ig .  1 6 .  Note t h e  c h a r a c t e r -  

i s t i c  c u r r e n t  ove r shoo t  when t h e  shock  a r r i v e s .  The r e s p o n s e  of  t h e  

f r e e - s t r e a m  i o n  probe  of  0.25-mm d i a m e t e r  and 12.5-mm l e n g t h  i s  i n d i -  

c a t e d  i n  t h e  same f i g u r e .  F i g u r e  17 i n d i c a t e s  t h e  r e s p o n s e  o f  t h e  HB-1 

probe  t o  f r e e - s t r e a m  i o n  d e n s i t i e s  about  o n e  and one-ha l f  o r d e r s  of 

magnitude lower  ( lo”  i o n s / c c )  t h a n  those o f  F i g .  16 .  Both t h e  f l u s h  

probe  and t h e  f r e e - s t r e a m  i o n  probe  show t h e  s low b u i l d u p  o f  e l e c t r o n  

d e n s i t y  behind  t h e  shock .  Note t h a t  t h e  o v e r s h o o t  of  t h e  f l u s h  i o n  

probe  i s  absen t  i n  F i g .  17,  and t h a t  i n  b o t h  f i g u r e s ,  c o r r e s p o n d i n g  t o  

h i g h  and l o w  f r e e - s t r e a m  e l e c t r o n  d e n s i t i e s ,  r e s p e c t i v e l y ,  t h e  f l u s h -  

mounted i o n  probes  do n o t  i n d i c a t e  a s i g n i f i c a n t  i n c r e a s e  i n  r e s p o n s e  

l e v e l  upon a r r i v a l  of  t h e  i n t e r f a c e ,  w h i l e  t h e  f r e e - s t r e a m  p robes  a l w a y s  

e x h i b i t  a s u b s t a n t i a l l y  i n c r e a s e d ,  f l u c t u a t i n g  r e s p o n s e .  O c c a s i o n a l l y ,  

depending o n  f r e e - s t r e a m  t u r b u l e n c e ,  t h e  f l u s h  i o n  p robes  a l s o  show t h e  

a r r i v a l  of  t h e  c o n t a c t  s u r f a c e .  

f o l l o w  t h e  f r e e - s t r e a m  probe  r e sponse  c l o s e l y .  

I n  s u c h  cases, t h e  f l u s h  i o n  p robes  

On Fig .  17 t h e  i o n i z a t i o n  r i se  t i m e ,  which  i s  o f  t h e  o r d e r  o f  

10  psec ,  i s  e a s i l y  f o l l o w e d  by t h e  free-stream probe .  
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0.01 v/crn, 300 a 

STATION 579 
P, -- I mmHg 
U, = 3 36 mm/psec 
( n + b  = I 06 x 10" ions/cc 

0.02 v/crn, IOf i  

( a  UPPER TRACE: PHOTOMULTIPLIER 
LOWER TRACE: FREE-STREAM PROBE 

0.02 v/crn, I O O O ~  

( b )  

T A - 3 0 5 7 - 6 4  

FLUSH PROBE 

FIG. 17 TYPICAL TIME-RESOLVED RESPONSE OF HB-1 ION PROBE 
FOR LOW FREE-STREAM ION DENSITIES 

Under t u r b u l e n t  f r ee - s t r eam c o n d i t i o n s ,  a s  gene ra t ed  by a 

nonuniform shock  wave, t h e  ave rage  f l u s h  p robe  r e s p o n s e  l e v e l  i s  sub- 

s t a n t i a l l y  i n c r e a s e d  and e x h i b i t s  r a p i d  f l u c t u a t i o n s  ( F i g .  18).  Com- 

p a r e d  t o  a l amina r - type  probe response  f o r  i d e n t i c a l  t h e o r e t i c a l  

f r e e - s t r e a m  c o n d i t i o n s ,  t h e  ave rage  c u r r e n t  l e v e l  c o r r e s p o n d i n g  t o  

t u r b u l e n t  f low i s  about  a f a c t o r  o f  two h i g h e r .  
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STATION 5 
P, = I mmHg 
U s =  5.2 mm 
(n+)- 8.5 

79 

I /psec 
1013 i ons/c c 

2 v / c m ,  Ion  

0.2 v / c m ,  l O O n  
Tei-3857-63 

FIG. 18 RESPONSE OF HB-1 ION PROBE TO TURBULENT 
FRE E-STREAM CONDlT IONS 
Upper Trace: Free-Stream Probe 
Lower Trace: Flush Probe 

The c u r r e n t  o v e r s h o o t  on  t h e  f l u s h  probes  i s  probably  r e l a t e d  

t o  t h e  absence  of  a deve loped  boundary l a y e r  immedia te ly  behind  t h e  

shock ,  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  o v e r s h o o t ,  and t h e  i o n  d e n s i t y  i n -  

c u b a t i o n  times. The o v e r s h o o t  cannot  be a t t r i b u t e d  t o  t h e  e f f e c t s  of 

probe c a p a c i t y ,  s i n c e  no s i g n i f i c a n t  c o r r e l a t i o n  between probe  area 

and s p i k e  l e v e l  ( o r  between probe  a r e a  and probe  t i m e  r e s p o n s e )  w a s  

found.  A l s o ,  p robes  c o v e r e d  w i t h  a t h i n  c o a t i n g  of  d i e l e c t r i c  (-lop) 
w e r e  more t h a n  one o r d e r  o f  magni tude reduced  i n  r e s p o n s e  l e v e l ,  and 

t h e  t r a n s i e n t  r e s p o n s e  w a s  s i g n i f i c a n t l y  s h o r t e r  t h a n  when o b s e r v e d  

w i t h  t h e  f l u s h  i o n  p r o b e s .  

The exper iment  a l - p r o b e  c u r r e n t  d e n s i t i e s  have been p l o t t e d  

a g a i n s t  t h e  f r e e - s t r e a m  i o n  d e n s i t y  (or  e q u i v a l e n t l y ,  s h o c k  v e l o c i t y )  

i n  F i g .  19.  Unless  t h e  e s t i m a t e d  r e l a x a t i o n  d i s t a n c e s  b e h i n d  t h e  s h o c k  

1'ront extended f u r t h e r  t h a n  10 c m  i n t o  t h e  tes t  s l u g ,  t h e  d a t a  were 

reduced t o  t h e  t es t  t i m e  c o r r e s p o n d i n g  t o  10 c m  b e h i n d  t h e  p r e s s u r e  

d i s con t i n u i  t y . 

* 

* 
H e r e  t h e  t e s t  s l u g  i s  d e f i n e d  as  t h e  r e g i o n  of  s h o c k  compressed g a s  
between t h e  shock  f r o n t  and t h e  i n t e r f a c e .  
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0 THEORETICAL POINTS HB-l PROBE 
X HB-IPROBE 
0 HB-2PROBE 
0 0.95rnrn DIAMETER BUTTON 
A 0.25 x 6.3 rnrn FLUSH ION PROBE 

INITIAL SHOCK TUBE 
PRESSURE: PI = IrnrnHg 

a I I I I 

3 4 5 6 
SHOCK VELOCITY, Us - rnrn psec 

I 1 I I I I 
IOIO IO" IO1* 

THEORETICAL EQUILIBRIUM FREE-STREAM ION DENSITY-ions/cc 
18-3857-60 

FIG. 19 EXPERIMENTAL AND THEORETICAL FLUSH ION PROBE CURRENT 
DENSITIES vs. FREE-STREAM EQUILIBRIUM ION DENSITY 

When t h e  f l u s h  i o n  probe d a t a  w e r e  i n t e r p r e t e d  on  t h e  b a s i s  

of a zero-order  probe theo ry ,  descr ibed  i n  Sec.  I-F, i t  w a s  found t h a t  

t h e  f l u s h  probes i n d i c a t e d  i o n  dens i ty  l e v e l s  much c l o s e r  t o  f ree-s t ream 

v a l u e s  t h a n  had i n i t i a l l y  been expected.  The i n i t i a l  estimates w e r e  

based on t h e  assumption t h a t  t h e  cold gas near  t h e  w a l l  w a s  i n  i on iza -  

t i o n  equ i l ib r ium.  A t  t h e  low f ree-s t ream i o n  d e n s i t i e s  ( l o l o  ions / cc ) ,  
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t h e  i o n  d e n s i t y  i n f e r r e d  from f l u s h  pr.l1kbe d a t a  w a s  a f a c t o r  of t h r e e  

lower t h a n  t h e  corresponding free-stream v a l u e .  A t  t h e  h igher  f r e e -  

stream i o n  d e n s i t i e s  ions /cc) ,  t h e  f l u s h  probe d a t a  i n d i c a t e d  

values  about an o r d e r  o f  magnitude low. 

Presumably because of  poor experimental  c o n d i t i o n s  i n  t h e  un- 

s teady  boundary l a y e r ,  i . e . ,  d r i v e r  i m p u r i t i e s  d e p o s i t e d  on t h e  shock- 

t u b e  w a l l  and t u r b u l e n t  f ree-s t ream c o n d i t i o n s ,  t h e  spread  i n  exper i -  

mental d a t a  i s  about one o r d e r  of magnitude. However, when o b s e r v i n g  

t h e  v a r i a t i o n  o f  test d a t a  o v e r  f o u r  o r d e r s  of magnitude of f ree-s t ream 

i o n  d e n s i t y ,  from lo1' ions /cc  t o  1014 ions /cc ,  i t  becomes e v i d e n t  t h a t  

f o r  t h e  present  experimental  c o n d i t i o n s ,  t h e  f l u s h  i o n  probe c u r r e n t  

l e v e l  increases w i t h  i n c r e a s i n g  f ree-s t ream i o n  d e n s i t y  and i s  much 

closer t o  f ree-s t ream va lues  t h a n  c o n s i d e r a t i o n s  of i o n i z a t i o n  e q u i l i -  

brium a t  t h e  w a l l  would i n d i c a t e ,  

I f  t h e  accumulated d a t a  from a l l  probes a r e  cons idered ,  t h e  

f l u s h  probe c u r r e n t  v a r i e s  approximately a s  

3/5 
J+ a "+ 

However, a b e t t e r  f i t  through t h e  HB-1 and HB-2 probe d a t a ,  which 

covered t h e  wides t  range o f  f ree-s t ream c o n d i t i o n s ,  would y i e l d  

The d i f f e r e n c e  i n  t h e  power dependence 

l a r g e r  (9.5-mm diameter )  b u t t o n s  (used 

is caused by t h e  f a c t  t h a t  t h e  

p r i n c i p a l l y  a t  t h e  i n t e r m e d i a t e  

f ree-s t ream i o n  d e n s i t i e s )  seemed t o  y i e l d  h i g h e r  c u r r e n t  d e n s i t i e s  t h a n  

probes HB-1 and HB-2 by about a factor  o f  t w o .  However, no d e f i n i t e  

conclus ion  can  be made at  t h i s  t i m e ,  s i n c e  t h i s  d i f f e r e n c e  i n  c u r r e n t  

l e v e l  is  w e l l  w i t h i n  t h e  exper imenta l  d a t a  s c a t t e r .  

10 

t o  about 1014 ions /cc ,  i t  w a s  found t h a t  t h e  flush-mounted i o n  probes 

sampled t h e  i o n  d e n s i t y  e x i s t i n g  a t  t h e  probe s h e a t h  edge. I n t e r p r e t i n g  

Over t h e  range o f  free-stream c o n d i t i o n s  covered,  from 10 
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t h e  probe c u r r e n t  as J = n ev /4, a t  t h e  low f ree-s t ream i o n  d e n s i t y  + + +  
l e v e l s ,  t h e  flush-mounted i o n  probes measured i o n  d e n s i t y  about a f a c t o r  

of  t h r e e  lower than  free-stream values .  For h igh  f r ee - s t r eam i o n  den- 

s i t i es ,  t h e  probes i n d i c a t e d  i o n  d e n s i t i e s  about one o r d e r  of magnitude 

reduced from f ree-s t ream l e v e l s .  These r e s u l t s  agree  w e l l  w i t h  t h e o r e t i -  

cal  e x p e c t a t i o n s  based on  boundary-layer i o n  d e n s i t y  p r o f i l e s  and s h e a t h  

dimens i o n s  computed by means of t h e  co 11 i s  ion- dominated , s pace-charge- 

l i m i t e d  diode equa t ion .  I n  add i t ion ,  c o n s i d e r a t i o n s  of probe theory  

i n d i c a t e  ano the r  means of  o b t a i n i n g  boundary-layer i o n  d e n s i t y  p r o f i l e s  

from f l u s h  probe d a t a .  Equation (9) shows t h a t  d has a s t r o n g  depen- 

dence o n  t h e  probe p o t e n t i a l .  Thus, i f  t h e  probe s h e a t h  can be v a r i e d  

by modulating t h e  probe p o t e n t i a l ,  i t  may be p o s s i b l e  t o  o b t a i n  t h e  ion  

d e n s i t y  p r o f i l e  i n  t h e  boundary layer. 

S 
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I V  SCALING RELATIONS 

The measured d a t a  p re sen ted  i n  t h e  prev ious  s e c t i o n  d i s p l a y  some 

s t r i k i n g  c h a r a c t e r i s t i c s .  The d a t a  at 1 mmHg show t h a t  each probe 
1 

c o l l e c t e d  c u r r e n t  at  a ra te  p ropor t iona l  t o  n3 Furthermore, t h e  

r a t i o  of  t h e  p r o p o r t i o n a l i t y  cons t an t s  f o r  t h e  1/16- and 1/4-inch probes 

( t h e  t w o  probes t h a t  are c l e a r l y  i n  continuum flow a t  t h i s  p r e s s u r e )  i s  

i n  i n v e r s e  p ropor t ion  t o  t h e  probe r a d i i .  That i s ,  a t  a g iven  shock 

v e l o c i t y  and i n i t i a l  p re s su re ,  t h e  1/16-inch probe c o l l e c t e d  f o u r  t i m e s  

more c u r r e n t  t h a n  t h e  1/4-inch probe. This  sugges t s  some s o r t  o f  s c a l i n g  

t h a t  depends upon t h e  product n r s i n c e  t h i s  product i s  cons t an t  f o r  

t h e  probes cons idered  so  f a r .  

- 
eq  * 

+ P, 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  of p r e s s u r e  on  t h i s  s c a l i n g  re- 

l a t i o n ,  w e  c a l c u l a t e d  t h e  product n r ob ta ined  from t h e  measured d a t a  

a t  0.1 mmHg f o r  t h e  1/4-inch probe ( the  only  probe c lear ly  i n  t h e  con- 

tinuum flow regime).  I n  F ig .  20 t h e  r e s u l t s  f o r  t h e  d a t a  at t h e  two 

p r e s s u r e s  are p l o t t e d .  I n  o r d e r  t o  ge t  s u f f i c i e n t  o v e r l a p  i n  t h e  curves  

w e  have s t r a i g h t - l i n e  e x t r a p o l a t e d  the  1-mmHg d a t a  o f  F ig .  10 t o  h ighe r  

shock v e l o c i t i e s .  Th i s  i s  a reasonable  assumption, s i n c e  t h e  d a t a  ex- 

h i  b i  t ed  s t r a i g h t - l i n e  c h a r a c t e r i s  t i c s  ove r  t h r e e  o r d e r s  of  magnitude 

i n  e l e c t r o n  d e n s i t y .  

+ P  

From t h e  a v a i l a b l e  d a t a  i t  appears t h a t  n r i s  approximately con- 
+ P  

s t a n t ,  not on ly  w i t h  probe r a d i u s  but a l s o  w i t h  p re s su re .  I f  t h i s  

assumption proved t o  be t r u e  o v e r  t h e  whole continuum flow regime, i t  

would be a v a l u a b l e  a i d  i n  i n t e r p r e t i n g  probe d a t a  o b t a i n e d  under t h i s  

flow c o n d i t i o n .  The d a t a  a t  p resent  are sugges t ive ,  bu t  t hey  are too  

s c a n t y  t o  permit a h igh  degree  of confidence i n  p r e d i c t i o n s  a t  o t h e r  

p r e s s u r e s  and probe r a d i i .  I t  i s  t h e r e f o r e  very  d e s i r a b l e  t o  s tudy  

continuum probe o p e r a t i o n  t o  c l a r i f y  t h e  s c a l i n g  r e l a t i o n s .  

W e  have c o n s t r u c t e d  a model which accounts f o r  t h e  measured r e s u l t s ;  

however, i t  must be r e a l i z e d  t h a t  t h e  model is  somewhat s p e c u l a t i v e ,  and 

f u r t h e r  i n v e s t i g a t i o n  i s  r e q u i r e d  t o  determine i t s  v a l i d i t y .  A b ina ry  
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FIG. 20 n+rp AS A FUNCTION OF SHOCK VELOCITY FOR CONTINUUM FLOW 
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s c a l i n g  model, f o r  which t h e  i o n i z a t i o n  flow f i e l d  would scale i f  

= cons tan t  (where p i s  t h e  gas dens i ty  behind t h e  i n c i d e n t  shock),  
P2rp 2 
could  account f o r  t h e  r e s u l t s  ob ta ined  w i t h  t h e  l /4 - inch  probe a t  0.1 

mmHg and f o r  an e x t r a p o l a t e d  va lue  (between t h e  0.01- and t h e  1/16-inch 

probe d a t a )  f o r  a 0.025-inch probe a t  1 mmHg, but  i t  would not shed any 

l i g h t  on t h e  r e l a t i o n  between d a t a  f o r  d i f f e r e n t  s i z e d  probes a t  t h e  same 

i n i t i a l  gas d e n s i t y .  The fo l lowing  model accounts f o r  bo th  probe s i z e  

and p r e s s u r e  v a r i a t i o n s .  

The flow f i e l d  is  d iv ided  i n t o  four  r eg ions  a s  shown i n  F ig .  21. 

Region 1 is t h e  i n c i d e n t  flow and has t h e  p r o p e r t i e s  a s s o c i a t e d  w i t h  an 

e q u i l i b r i u m  s l u g  of  gas behind a normal shock. Region 2 i s  t h e  shocked 

r e g i o n  around t h e  probe and ex tends  from t h e  detached shock f r o n t  t o  t h e  

Scu-dary l a y e r  sur rounding  t h e  probe, Region 3 i s  t h e  v i scous  boundary 

l a y e r ,  which w e  s h a l l  assume is not  i n  i o n i z a t i o n  e q u i l i b r i u m .  Region 4 

i s  t h e  sheath-edge-to-probe-surface reg ion  and i s  embedded w i t h i n  t h e  

boundary l a y e r  f o r  t h e  i o n i z a t i o n  levels under c o n s i d e r a t i o n .  

When recombination of  e l e c t r o n s  and i o n s  i s  impor tan t  i n  t h e  boundary 

l a y e r ,  t h e  dec rease  i n  e l e c t r o n  d e n s i t y  a c r o s s  t h e  boundary l a y e r  t o  t h e  

s h e a t h  edge i s  r e l a t e d  t o  t h e  t i m e  r equ i r ed  t o  c r o s s  t h e  boundary l a y e r .  

Adamson p o i n t s  o u t  t h a t  t o  a good approximation t h e  v e l o c i t y  a long  t h e  

s t a g n a t i o n  s t r e a m l i n e  dec reases  l i n e a r l y  from t h e  shock f r o n t  t o  t h e  

w a l l . 1 4  

c r o s s  t h e  boundary l a y e r  has been made. 

Using t h i s  approximation, c a l c u l a t i o n  o f  t h e  t i m e  f o r  i o n s  t o  

The v e l o c i t y  at t h e  shock f r o n t  i n  r e g i o n  2 i s  related t o  t h e  i n -  

c i d e n t  v e l o c i t y ,  approximately,  by t h e  d e n s i t y  jump, so t h a t  

For a l i n e a r  v e l o c i t y  decrease,  t h e  v e l o c i t y  a t  t h e  boundary l a y e r  

edge i s  

V v - -  db 1 
b l  - ds 2 
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FIG. 21 FLOW FIELD ABOUT A CYLINDRICAL PROBE 

IN SUPERSONIC CONTINUUM FLOW 
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where 

dbl = boundary l a y e r  th ickness  

d = shock detachment d i s t ance  
S 

v = v e l o c i t y  a t  t h e  boundary l a y e r  edge. 
b l  

The t i m e  t o  c r o s s  t h e  boundary l a y e r  edge, t3, i s  

t3 = 2 d /V b l  b l  

This  may be r e l a t e d  t o  t h e  i n c i d e n t  v e l o c i t y  t o  g ive  

2 d  

Hartsel shows t h a t  f o r  t h e  Mach number range wi th  which wz are esg- 

l6 S u b s t i t u t i n g  t h i s  va lue  f o r  d i n  t h e  equa t ion  P' S 
cerned,  ds 0.4 r 

f o r  t h e  transit t i m e ,  w e  o b t a i n  

For a recombinat ion process ,  t h e  e l e c t r o n  d e n s i t y  as a func t ion  o f  

t i m e  i s  

l / n  = Uno + at 

where 

n is t h e  e l e c t r o n  dens i ty  at  t = 0 0 

cy is  t h e  recombination c o e f f i c i e n t .  

I f  recombinat ion i s  s i g n i f i c a n t ,  the i n i t i a l  e l e c t r o n  d e n s i t y  t e r m  i s  

n e g l i g i b l e  and t h e  e l e c t r o n  dens i ty  i s  
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The va lue  of  

i n s e r t i n g  t h e  i o n  

t h e  i o n  d e n s i t y  a t  t h e  s h e a t h  edge may be found by 

t r a n s i t  t i m e  i n t o  t h e  recombinat ion equat ion .  Thus, 

Mul t ip ly ing  through by r w e  o b t a i n  an expres s ion  f o r  n r 
P +s P 

For d i s s o c i a t i v e  recombinat ion,  cy i s  dependent on ly  upon tempera ture .  

Thus, n r i s ' i n d e p e n d e n t  of r and s i n c e  p / p  i s  on ly  weakly de- 

pendent upon p n r i s  a l s o  independent of  p This  checks w i t h  t h e  

experimental  r e s u l t s .  

+s P P' 1 2  

1' +s p 1' 

To check whether recombinat ion i s  s i g n i f i c a n t ,  w e  s h a l l  compute n 
+S 

a t  t h e  lowest e l e c t r o n  d e n s i t y  f o r  which s c a l i n g  w a s  observed.  Th i s  w i l l  

be  t h e  most s e v e r e  tes t  of  t h e  importance of  recombinat ion.  

From Lin  and Teare  w e  f i n d  t h a t  t h e  v a l u e  of f o r  recombinat ion of 
+ NO and e l e c t r o n s  is16 

-3/2 
cy = 3 T 

The unce r t a in ty  i n  cy i s  about t h r e e ,  w i t h  exper imenta l  r e s u l t s  g i v i n g  

h ighe r  va lues .  Therefore ,  f o r  an  average tempera ture  of about 5000'K 

through most of t h e  boundary l a y e r ,  cy i s  between 1 and 3 (10 1. -8 

For t h e  1/4-inch probe, a t  a v e l o c i t y  of 4 m m / p e c ,  t h e  va lue  of  

t i s  3.75 p e c .  Therefore ,  t h e  c a l c u l a t e d  v a l u e  of n is between 

9 (10 1 and 2 .7  (10 ) elec/cc. 
+S 12 13 

The experimental  r e s u l t s  under t h e s e  c o n d i t i o n s  showed t h a t  t h e  

probe i n d i c a t e d  an i o n  d e n s i t y  1 .5  t i m e s  t h e  e q u i l i b r i u m  v a l u e  when t h e  

probe c u r r e n t  w a s  cons idered  a t t r i b u t a b l e  t o  f l o w  v e l o c i t y .  This  g ives  

an i o n  dens i ty  of 3 (10l2) elec/cc. However, t h e  i o n s  do not e n t e r  t h e  

s h e a t h  wi th  t h e  i n c i d e n t  flow v e l o c i t y ,  bu t  w i t h  t h e  much slower thermal  

Ve loc i ty .  Because o f  c o o l i n g  i n  t h e  boundary l a y e r ,  t h e  tempera ture  a t  
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t h e  s h e a t h  edge i s  about 2000°K, t h e r e f o r e ,  t h e  i n f e r r e d  i o n  d e n s i t y  is  

about f o u r  t i m e s  h ighe r  t h a n  i n d i c a t e d  above. This  g ives  a va lue  of 

nh m 1.2 (10 

t i o n  hypothes is .  

13 1 e lec / cc ,  which checks f a i r l y  w e l l  w i t h  t h e  recombina- 
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V CONCLUSIONS AND FUTURE WORK 

Some conc lus ions  which can be drawn from t h e  work p resen ted  i n  t h e  

prev ious  s e c t i o n s  o f  t h i s  r e p o r t  are given below. Extens ions  of  t h e  

work a long  s e v e r a l  l i n e s  a r e  a l s o  i n d i c a t e d .  

1. The theo ry  of c y l i n d r i c a l  e l e c t r o s t a t i c  probes i n  

f lowing  plasmas o u t l i n e d  i n  Sec. 11-C has  been 

v e r i f i e d  f o r  t h e  case i n  which t h e  s h e a t h  th i ck -  

nes s  is  s m a l l  compared t o  t h e  probe r a d i u s  

(a/rp w 1 ) .  

i n  which a/r >> 1, which would correspond t o  

lower e l e c t r o n  d e n s i t i e s ,  would be a v a l u a b l e  

a d d i t i o n  t o  o u r  unders tanding  o f  t h i s  t y p e  of  

probe o p e r a t i o n .  The assumption t h a t  t h e  s h e a t h  

shape  i s  not changed by flow w i l l  be  more c r i t i ca l  

f o r  a/r >> 1. A l s o ,  t h e  e f f e c t  o f  c o l l i s i o n s  i n  

t h e  s h e a t h  w i l l  be more dominant. 

Extension o f  t h i s  work t o  t h e  case 

P 

P 

2 .  The exper imenta l  r e s u l t s  show t h a t  t h e  f r ee -  

molecular  t heo ry  f o r  flowing plasmas g ives  

a c c u r a t e  r e s u l t s  f o r  probe r a d i i  as l a r g e  as 

t h r e e  t i m e s  t h e  n e u t r a l - n e u t r a l  mean f r e e  pa th  

of  t h e  f lowing  gas.  S i g n i f i c a n t  d e v i a t i o n s  from 

f ree-molecular  o p e r a t i o n  were noted when t h e  

r a t i o  o f  probe r a d i u s  t o  mean f r e e  pa th  w a s  

g r e a t e r  t h a n  20. The t r a n s i t i o n  between 

r /% = 3 and r /% = 20 w a s  not measured. 

would be d e s i r a b l e  t o  make measurements which 

would cover  t h e  t r a n s i t i o n  from f ree-molecular  

t o  continuum flow. It is a l s o  of  i n t e r e s t  to  

know t h e  maximum v a l u e  of r / f o r  which f r e e -  

molecular  t heo ry  w i l l  give r e s u l t s  a c c u r a t e  t o  a 

s p e c i f i e d  l e v e l .  Such informat ion  could  be ob- 

t a i n e d  from measurements i n  t h e  t r a n s i t i o n  r eg ion .  

I t  
P P 

P h  
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3. C y l i n d r i c a l  probes o p e r a t i n g  i n  t h e  continuum 

reg ion  (say ,  r / h  > 30) do not c o l l e c t  c u r r e n t  

at a rate p r o p o r t i o n a l  t o  t h e  e l e c t r o n  d e n s i t y  

of t h e  i n c i d e n t  plasma. The e l e c t r o n  d e n s i t y  

i n d i c a t e d  by such  probes v a r i e d  a s  on ly  t h e  1/3 

power of  t h e  i n c i d e n t  e l e c t r o n  d e n s i t y ;  t h a t  i s ,  

)3. C y l i n d r i c a l  probes a r e  n + probe a ( n i n c i d e n t  
t h u s  much less s e n s i t i v e  in s t rumen t s  for measuring 

e l e c t r o n  d e n s i t i e s  i n  a f lowing  plasma t h a n  f r e e -  

molecular probes .  

P 2  

- 1 

4 .  For probes o p e r a t i n g  i n  continuum flow over  t h e  

range of p r e s s u r e s  and shock v e l o c i t i e s  t h a t  were 

measured, i t  appears t h a t  t h e  product n r i s  a 

cons t an t  w i t h  r e s p e c t  t o  i n i t i a l  p r e s s u r e  and 

probe r a d i u s  and i s  only  a f u n c t i o n  of shock 

v e l o c i t y .  The v a l u e  of n i s  t h a t  i n f e r r e d  from 

t h e  r e l a t i o n  I = n e v 2 r  L .  Measurements 

should  be made o v e r  a wider range of probe s i z e s  and 

i n i t i a l  p r e s s u r e s  t o  i n v e s t i g a t e  t h e  apparent con- 

s t a n c y  of n r wi th  t h e s e  parameters .  It  appears  

t h a t  t h e  constancy of n r can be accounted f o r  by 

recombination i n  t h e  boundary l a y e r .  

+s P 

+S 

+ +s f P  

+s P 

+s P 

5. A narrow wedge-shaped s t r u c t u r e  a t  zero-degree ang le  

of a t t a c k ,  w i t h  base  dimensions of 30 mean f r e e  pa ths ,  

c o l l e c t e d  c u r r e n t  as a f ree-molecular  probe. I t  t h u s  

appears t h a t  such probes w i l l  be u s e f u l  f o r  measure- 

ments on r e -en t ry  v e h i c l e s ,  s i n c e  they  i n c o r p o r a t e  

mechanical s t r e n g t h  w i t h  good probe performance. The 

angle  of a t t a c k  w i l l  n o t ,  i n  g e n e r a l ,  be z e r o  deg rees ,  

so t h a t  i t  is necessary  t h a t  t h e s e  s t r u c t u r e s  be 

t e s t e d  a t  o t h e r  ang le s  of a t t a c k .  I t  i s  t o  be ex- 

pec ted  t h a t  t h e i r  performance as probes w i l l  d e t e r i o r a t e  

a t  l a r g e  ang le s  of a t t a c k ,  bu t  i t  i s  d e s i r a b l e  t o  have 

a measure of t h e  range of a n g l e s  of  a t t a c k  o v e r  which 
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such  probes can  work w i t h  a s p e c i f i e d  degree  of 

accuracy. The present  measurements w e r e  l i m i t e d  

t o  an i n i t i a l  p re s su re  of 0.1 mmHg. Measurements 

should  be performed a t  h igher  p r e s s u r e s  t o  v e r i f y  

t h e  c a p a b i l i t y  o f  such probes t o  sample t h e  i n c i d e n t  

plasma a c c u r a t e l y .  

6 .  Flush  probe measurements i n d i c a t e d  t h a t  t h e s e  probes 

sample t h e  e l e c t r o n  d e n s i t y  a t  t h e  s h e a t h  edge. Due 

t o  nonequilibrium e f f e c t s  i n  t h e  boundary l a y e r ,  t h e  

e l e c t r o n  d e n s i t y  at t h e  shea th  edge may be much 

c l o s e r  t o  t h e  f ree-s t ream va lues  t h a n  an equ i l ib r ium 

theory  would p r e d i c t .  There i s  a p o s s i b i l i t y  t h a t  

t h e  e l e c t r o n  a e n s i t y  profile war t h e  probe may be 

measured by va ry ing  t h e  probe p o t e n t i a l .  The d i s t a n c e  

ou t  from t h e  s u r f a c e  t o  which t h i s  can be e f f e c t i v e l y  

done is a f u n c t i o n  o f  t h e  free-stream e l e c t r o n  d e n s i t y ,  

t h e  d i s t a n c e  dec reas ing  as t h e  e l e c t r o n  d e n s i t y  i n c r e a s e s .  

7. A l l  t h e  measurements presented  i n  t h i s  r e p o r t  were made 

at  a f i x e d  b i a s  o f  -15 v o l t s .  Measurements should  be 

made o f  t h e  e n t i r e  cu r ren t -vo l t age  c h a r a c t e r i s t i c  t o  

de te rmine  t h e  a b i l i t y  of such probes t o  y i e l d  measure- 

ments of tempera ture ,  as w e l l  as t o  see i f  t h e  i o n  

c u r r e n t  c h a r a c t e r i s t i c  i s  behaving as p r e d i c t e d  by 

theo ry .  

8 .  It has been noted t h a t  under c e r t a i n  c o n d i t i o n s  probe 

s u r f a c e s  may become contaminated and g i v e  e r roneous  

measurements un le s s  proper ly  c l eaned .  I t  i s  no t  clear 

whether t h e  e f f e c t  i s  due t o  o x i d a t i o n  on t h e  s u r f a c e  

o r  t h e  d e p o s i t  of some m a t e r i a l  t h a t  w a s  i n  t h e  plasma. 

S ince  probes may be used on r e -en t ry  v e h i c l e s  which 

a b l a t e  material i n t o  t h e  flow f i e l d ,  i t  i s  important 

t o  know how such  m a t e r i a l s  would a f f e c t  probe o p e r a t i o n .  

This  area r e q u i r e s  a systematic i n v e s t i g a t i o n .  
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APPEND1 X 

PRESSURE-DRIVEN SHOCK TUBE 

The l a b o r a t o r y  s i m u l a t i o n  of probe o p e r a t i o n  a s s o c i a t e d  w i t h  

p l a n e t a r y  r e -en t ry  c o n d i t i o n s  n e c e s s i t a t e s  t h e  e x i s t e n c e  o f  a high- 

v e l o c i t y  plasma. For s h o r t  test t imes ,  t h e  a rc-dr iven  shock t u b e  can 

provide  s t r o n g  shocks and equ i l ib r ium plasmas moving w i t h  v e l o c i t i e s  

up t o  about 40,000 f t / s e c .  One genera l  advantage of shock-tube t e s t i n g  

i s  t h a t ,  i f  e q u i l i b r i u m  test cond i t ions  e x i s t  i n  t h e  test s l u g ,  t h e  gas 

p r o p e r t i e s  are a f u n c t i o n  on ly  of shock v e l o c i t y .  Thus, an  a c c u r a t e  

measurzment cf s h ~ c k  v e l o c i t y  y i e l d s  a l l  equ i l ib r ium gas p r o p e r t i e s .  

1. Desc r ip t ion  of t h e  Equipment 

The shock tube  used i n  t h e s e  s t u d i e s  is  of t h e  a rc-dr iven  type  and 

i s  modeled a f t e r  t h e  des ign  of Camm and Rose.17 

shock tube  is  p resen ted  i n  F ig .  A-1. F igu re  A-2 shows a c r o s s  s e c t i o n  

th rough  t h e  shock-tube d r i v e r .  The d r i v e r  is  l-1/2-inches i n  d iameter  

and 12  inches  long. The d r i v e r  i s  connected t o  t h e  12-inch diameter 

d r i v e n  t u b e  by means o f  a 54-inch long c i r c u l a r  t r a n s i t i o n  s e c t i o n .  The 

l e n g t h  of  t h e  d r i v e n  t u b e  has  r e c e n t l y  been inc reased  from 25 t o  36 f e e t .  

A schematic of  t h e  

The energy source  is  a 100-k i lo joule  c a p a c i t o r  bank, which i s  

t r i g g e r e d  by an exploding  w i r e  t echnique .  

Shock v e l o c i t y  is  measured by a series of  f l u s h  probes mounted i n  

t h e  t u b e  w a l l s .  The probe c u r r e n t  develops a v o l t a g e  ac ross  a r e s i s t o r .  

T h i s  v o l t a g e  i s  t h e n  d i f f e r e n t i a t e d  t o  g i v e  a s p i k e  i n  v o l t a g e  when t h e  

i o n i z a t i o n  f r o n t  passes  t h e  probe. The v o l t a g e  s p i k e  i s  a p p l i e d  t o  t h e  

v e r t i c a l  p l a t e s  o f  a raster o s c i l l o s c o p e  (see Fig.  A-31, and t h e  t i m e  

f o r  t h e  shock t o  t r a v e l  a known d i s t a n c e  i s  measured from t h e  o s c i l l o -  

s cope  i n  terms of t h e  t i m e  between s p i k e s .  The accuracy w i t h  which 

v e l o c i t y  i s  measured is  es t ima ted  t o  be about 2 p e r c e n t .  
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TA-3807-44 

FIG. A-3 SHOCK VELOCITY MEASUREMENT ON RASTER SCOPE 

Shock v e l o c i t y  v e r s u s  capaci tor-energy input  i n t o  t h e  d r i v e r  i s  

shown i n  F ig .  A-4. To d a t e  t h e  shock t u b e  has been t e s t e d  a t  1 mmHg 

and 0.1 mmHg i n i t i a l  p r e s s u r e s .  The c a p a c i t o r  bank v o l t a g e  v a r i a t i o n s  

ranged from 7 kv t o  15 kv. I t  i s  perhaps worth mentioning t h a t  o u r  

p a r t i c u l a r  d r i v e r  t r i g g e r i n g  system has  permi t ted  us t o  break  down t h e  

d r i v e r  gas at very low v o l t a g e s ,  say  6.5 kv, and 200-psi d r i v e r  p r e s s u r e s  

without  d i f f i c u l t i e s .  

2 .  Test  f o r  Equi l ibr ium 

Measurements were made a t  0.1 and 1 . 0  mmHg t o  check t h a t  t h e  s l u g  

of ion ized  gas was indeed i n  i o n i z a t i o n  e q u i l i b r i u m .  This  w a s  done by 

phase measurements made a t  33 Gc w i t h  a microwave i n t e r f e r o m e t e r .  The 

t ransmiss ion  pa th  w a s  between a p a i r  of horns  spaced 2 inches  a p a r t  and 

l o c a t e d  s y m m e t r i c a l l y  about t h e  t u b e  axis ( s e e  F i g .  A-5). The horns 

were mounted so t h a t  t h e i r  a p e r t u r e s  were f l u s h  w i t h  t h e  s u r f a c e  of t h e  

p l a t e s ,  2 inches  from t h e  p l a t e  l e a d i n g  edge. The p l a t e s  were 2 i n c h e s  

wide and 3 inches  long, w i t h  s h a r p  t a p e r s  a t  t h e i r  l e a d i n g  edges t o  

minimize flow d i s t u r b a n c e s .  The horn a p e r t u r e s  w e r e  covered w i t h  Mylar 

t a p e .  

Using t h i s  s y s t e m ,  e l e c t r o n  d e n s i t i e s  were checked o v e r  t h e  range 
12 of l o l o  t o  3 X 10 elec/cc a t  1 mmHg w i t h  t h e  r e s u l t s  shown i n  Fig.  A-6 .  
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FIG. A-4 SHOCK VELOCITY V S .  CAPACITOR VOLTAGE FOR PRESSURE-DRIVEN, 
ARC-HEATED SHOCK TUBE 

The  r m s  d i f f e r e n c e  be tween  t h e  e l e c t r o n  d e n s i t i e s  i n f e r r e d  from t h e  

i n t e r f e r o m e t e r  measurements  and t h e  v a l u e s  of t h e  e q u i l i b r i u m  e l e c t r o n  

d e n s i t i e s  c a l c u l a t e d  f rom t h e  measured d a t a  o n  s h o c k  v e l o c i t y  w a s  less 

t h a n  30 p e r c e n t .  T h e s e  r e s u l t s  were o b t a i n e d  w i t h  t h e  t u b e  f i r e d  o v e r  

t h i r t y  t i m e s  w i t h o u t  c l e a n i n g .  

The  t u b e  w a s  o p e r a t e d  w i t h  d r y  a i r  as w e l l  a s  w i t h  o r d i n a r y  room 

a i r .  N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  d e t e c t a b l e ,  e i t h e r  w i t h  p r o b e s  o r  

w i t h  t h e  i n t e r f e r o m e t e r ;  n e i t h e r  was a c h a n g e  i n  ag reemen t  w i t h  e q u i l i -  

b r i u m  c a l c u l a t i o n s  d e t e c t e d .  

Measurements  made a t  0.1 mniHg showed more s e n s i t i v i t y  t o  t u b e  

c l e a n l i n e s s  when f i r e d  a t  s lower v e l o c i t i e s .  Measurements made w i t h  
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FIG. A-5 EXPERIMENTAL CONFIGURATION OF MICROWAVE INTERFEROMETER 

40 s h o t s  on t h e  t u b e  w i t h o u t  c l e a n i n g  i n d i c a t e d  e l e c t r o n  d e n s i t i e s  as 

much as an  o r d e r  o f  magn i tude  lower  t h a n  e q u i l i b r i u m .  

t h e  i n t e r f e r o m e t e r  s t i l l  read l o w e r  e l e c t r o n  d e n s i t i e s  t h a n  e q u i l i b r i u m ,  

b u t  t h e  l e v e l  was raised t o  w i t h i n  a f a c t o r  o f  two o f  e q u i l i b r i u m .  

0 . 2 5  X 6.4-mm probe  mounted be tween  t h e  i n t e r f e r o m e t e r  p l a t e s  i n d i c a t e d  

e l e c t r o n  d e n s i t i e s  c l o s e  t o  t h o s e  deduced  f r o m  t h e  i n t e r f e r o m e t e r .  

A f t e r  c l e a n i n g ,  

A 

A 

s i m i l a r  probe mounted f o r w a r d  o f  t h e  i n t e r f e r o m e t e r  p l a t e s  i n d i c a t e d  
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FIG. A 4  COMPARISON OF ELECTRON DENSITIES AS MEASURED BY MICROWAVE 
INTERFEROMETER WITH EQUILIBRIUM ELECTRON DENSITIES 

e l e c t r o n  d e n s i t i e s  h i g h e r  t h a n  t h e  probe mounted between t h e  p l a t e s .  

The forward probe measured va lues  c l o s e r  t o  e q u i l i b r i u m  t h a n  t h e  probe 

mounted between t h e  p l a t e s .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  p l a t e s  were d i s t u r b i n g  t h e  flow a t  

0.1 mmHg i n i t i a l  p r e s s u r e s  and causing a lower e l e c t r o n  d e n s i t y  t o  

appear  between t h e  p l a t e s  t h a n  e x i s t s  i n  f r e e  stream. The f ree-s t ream 

e l e c t r o n  d e n s i t y  as measured b y  t h e  forward probe i n d i c a t e d  e l e c t r o n  

d e n s i t i e s  w i t h i n  a f a c t o r  of  two of e q u i l i b r i u m .  The agreement between 

t h e  i n t e r f e r o m e t e r  and t h e  probe loca ted  between t h e  p l a t e s  i s  t a k e n  as 

ev idence  t h a t  t h e  0.25-mm free-s t ream probe i s  a c c u r a t e l y  measuring t h e  

e l e c t r o n  d e n s i t y  . 
Measurements made w i t h  t h e  i d e n t i c a l  probes spaced 120 degrees  

a p a r t  around t h e  circumference o f  t h e  t u b e  i n d i c a t e d  t h a t  v a r i a t i o n s  

i n  e l e c t r o n  d e n s i t y  around t h e  tube  can  b e  as h igh  as a f a c t o r  o f  two. 
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